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This OFA (oil fly ash) is by product of many industrial and power generation plant 
operations. OFA usually causes environmental and health problems and requires safe 
disposal. OFA is pozzolanic in nature; it contains mainly unburned carbon (∼80%) with 
some inorganic oxides like SiO2, Fe2O3, Al2O3, and CaO and traces of heavy metals. 
Exploiting the use of fly ash as a precursor of activated carbon is advantageous due to its 
cheap source, availability, and one step activation procedure as compared to conventional 
production of activated carbon by two step activation. Acid mixture comprising of HNO3, 
H2SO4, and H3PO4 was used to leach out the mineral contents from ash and increases the 
porosity of raw material. After acid treatment, mico porosity was further increased by 
physically activating it with CO2 at elevated temperatures. The specimens treated with 20 
vol. % H2SO4, 40 vol. % HNO3 and 40 vol. % H3PO4 and activated at 990
o
C have a BET 
surface area of 375.7m
2
/g when compared to 2.8 m
2
/g for the original OFA. The 
synthesized high surface area activated  carbon  were characterized by Scanning Electron 
microscopy (SEM), Fourier Transform spectroscopy (FTIR), ASAP 2020 surface area 
analyzer, X-ray diffraction, thermo-gravimetric analysis (TGA). The AC was further 
treated with HNO3and NH4OH solutions in order to attach the carboxylic and amine 
groups on the surface, respectively. FTIR characterization was used to confirm the 
xx 
 
presence of the functional groups on the surface of AC at different stages of its 
development. The performance of functionalized AC samples is tested for the removal of 
H2S from a synthetic natural gas by carrying out breakthrough experiments. The results 
from these tests have shown maximum adsorption capacity of 0.3mg/g for 
NH4OHfunctionalized activated carbon with 86.43% regeneration efficiency. The 
ammonium hydroxide treated AC is found to be more effective for H2S removal than acid 
treated AC as confirmed by breakthrough experiments. The results indicate that the 
presence of more acidic functionalities on the surface reduces the H2S adsorption 
efficiency from the gas mixture. Another sample that was treated with acid mixture (20% 
HNO3 and 80% H3PO4) followed by 2M KOH to improve surface area as well as surface 
affinity to adsorb H2S. Adsorption of H2S onto activated OFA were studied using kinetic 
and breakthrough modeling using well-known Langmuir, Freundlich, Sips and dual site 
Langmuir (DSL) model. Equilibrium isotherm modeling showed that OFA has dual site 
with higher and lower affinity for H2S adsorption. The effect flow rates and inlets 
concentrations have been explain through Yoon-Nelson model, Thomas model and Clark 
model. Maximum uptake capacity of 8.5mg/g was obtained for 0.2L/min flow rate with 
100 ppm inlet concentration. 
Dyes removal tests were also done by impregnating the acid activated fly ash with 
NH4OH and tested it to remove the dyes from an aqueous solution by batch experiments. 
The adsorption capacity of activated ash were tested with three different dyes namely 
Methylene blue, Methyl-orange and Rhodamine 6G. The adsorption experiments were 
performed with both single and binary dye aqueous solutions. As single component 
adsorption, both Methylene blue and Rhodamine 6G have 19mg/g uptake capacity while 
xxi 
 
methyl orange have 12mg/g adsorption capacity. Adsorption experiments with binary 
solution comprise of cationic and anionic combinations of dyes shows synergistic effect. 
Solution comprises of only cationic dyes (Methylene Blue and Rhodamine 6G exhibits a 
constant uptake for all concentration tested. Kinetic data shows the endothermic 
adsorption of all three dyes as single component adsorption. During binary component 
adsorption some combination (like methylene blue / methyl orange and methylene blue / 
Rhodamine 6G) exhibits exothermic adsorption while the solution comprises of 
Rhodamine 6G and Methyl orange presents endothermic adsorption.   
 iixx
 
 ملخص الرسالة 
 
 
 حفٛع يحًذ ظٓٛش اسهى :الاسم الكامل
 
ٔاسُخذايّ فٙ اصانخ  انغبصاد انحًؼٛخ  )AFO(رحؼٛش انكشثٌٕ انُشؾ يٍ سيبد انُفؾ انًزطبٚش  عنوان الرسالة:
 ٔاطجبغ اخشٖ
 ُْذسخ انكًٛٛبئٛخ  التخصص:
 2102يبٕٚ  تاريخ لدرجة العلمية:
 )AFO(عجبسح عٍ يُزح خبَجٙ يٍ عذٚذ يٍ انظُبعبد ٔيظبَع اَزبج انكٓشثبء.اٌ  )AFO(سيبد انُفؾ انًزطبٚش 
فٙ  cinalozzop ثٕص ٔلاَٙ/ )AFO(ٚزسجت ثًخبؽش طحٛخ ٔثٛئٛخ ٔٚزطهت رخهض آيٍ. سيبد انُفؾ انًزطبٚش 
 OaC -3O2lA -3O2eF -2OiS% يٍ كشثٌٕ غٛش يحزشق يع اكبسٛذ يعذَٛخ يثم 00ٔٚزكٌٕ اسبسب يٍ انطجٛعخ, 
يظذس نهكشثٌٕ انُشؾ ٚعذ را فبئذح ٔرنك لاَخفبع  )AFO(ٔآثبس يٍ انًعبدٌ انثمٛهخ. اسزغلال سيبد انُفؾ انًزطبٚش 
ٌٕ انُشؾ ثخطٕرٍٛ. خهٛؾ يٍ الاحًبع سعشِ ٔرٕفشِ ٔخطٕح ٔاحذح نهزُشٛؾ يمبسَخ نهطشق انزمهٛذٚخ نزحؼٛش انكشث
رى اسزعًبنّ لاسزخلاص انًعبدٌ يٍ سيبد انُفؾ انًزطبٚش ٔصٚبدح يسبيٛخ انًبدح انخبو.  4OP3H -4OS2H -3ONH
ثعذ انًعبندخ انحًؼٛخ, انًسبو انذلٛمخ رى صٚبدرٓب فٛضٚبئٛب ثثبَٙ اكسٛذ انكشثٌٕ فٙ دسخبد حشاسح يشرفعخ. انعُٛبد رى 
 099حدًٛب رُشؾ عُذ  4OP3H % .04 3ONH % 04 ,4OS2H % 02يعبندزٓب 
o
رزحظم يسبحخ سطح لذسْب  C
m7.573
2
. يسبحخ انسطح انعبنٛخ رى اخزجبسْب g/2m 8.2الاطهٙ  )AFO(عُذ يمبسَزٓب ثبنشيبد انُفؾ انًزطبٚش  g/
لاػبفخ  HO4HN - 3ONH. انكشثٌٕ انُشؾ رى يعبندزّ ثًحبنٛم .)AGT(- )DRX( - )RITF(-)MES(ثٕاسطخ 
نزؤكٛذ ٔخٕد انضيش انٕظٛفٛخ عجٗ سطح انكشثٌٕ انُشؾ  RITFانضيشاد انكشثٕكسٛهٛخ ٔالايُٛٛخ نهسطح. رى اسزخذاو 
 يٍ غبص ؽجٛعٙ يحؼش عٍ ؽشٚك ...../ S2Hفٙ يشاحم يخزهفخ يٍ رطٕٚشِ. اداء انكشثٌٕ انُشؾ خشثذ لاصانخ 
عُذ انكشثٌٕ انُشؾ ثـ  g/gm 3.0سعخ الاديظبص . َزبئح ْزِ انزدبسة أػح tnemirepxe hguorhtkaerB
يٍ  S2Hكفبءح ردذٚذ. انكشثٌٕ انُشؾ انًعبنح ْٛذسٔكسٛذ الايَٕٕٛو اكثش كفبءح فٙ اسانخ  %34.68يع  HO4HN
. انُزبئح اشبسد انٗ ٔخٕد كثٛش يٍ tnemirepxe hguorhtkaerB انعبنح ثبنحًغ يثم يب رى رؤكٛذِ ثـ ...../
 %08 - 3ONH %02يٍ خهٛؾ انغبص. عُٛخ اخشٖ رى يعبندزٓب  S2Hهم يٍ كفبءح اديظبص انضيشاد انحًؼٛخ ٚم
 S2H.رى دساسخ اديظبص S2Hنزحسٍٛ يسبحخ انسطح ٔاٚؼب أنفخ انسطح لاديظبص  HOK M2ٔاٚؼب  4OP3H
 iiixx
 
ثبسزعًبل tnemirepxe hguorhtkaerb انُشؾ عٍ ؽشٚك حشكٛخ انزفبعم ٔ..../ )AFO(انٗ سيبد انُفؾ انًزطبٚش 
. ًَبرج )LSD( riumgnaL etis laud , spiS ,hcildnuerF ,riumgnaLًَبرج الاديظبص انزًبثهٛخ يثم 
. رؤثٛش يعذل S2Hنذّٚ يٕالع يضدٔخخ راد أنفخ عبنٛخ ٔيُخفؼخ لادطبص  AFOالاديظبص الارضاَٛخ أػحذ اٌ 
. الظٗ سعخ kralCٔ ًَٕرج samohT ٔ ًَٕرج  nosleN-nooYانزذفك ٔرشكٛض انزغزٚخ دسط عٍ ؽشٚك ًَٕرج 
 .mpp 001ٔرشكٛض  nim/L2.0رحظهذ عُذ يعذل رذفك  g/gm 5.8
نشيبد انُفؾ انًزطبٚش انُشؾ ٔردشثزٓب لاصانخ  HO4HNاصانخ الاطجبغ رى دساسزّ ثزمُٛخ رحًٛم انزُشٛؾ انحًؼٙ 
 ,eulb enelyhteMس اطجبغ الاطجبغ يٍ انًحبنٛم انًبئٛخ. سعخ الادطبص نهكشثٌٕ انُشؾ رى اخزجبسْب نثلا
. ردشثخ الاديظبص رى اخشاإْب نلاطجبغ احبدٚب ٔثُبئٛب فٙ انًحبنٛم انًبئٛخ. G6 enimadohR egnaro lyhtM
 egnaro lyhtemثًُٛب  g/gm 91سعخ  G6 enimadohR , eulb enelyhteMالاديظبص الاحبد٘, كم يٍ 
. citsigrenys رَٕٛٙ يٍ الاطجبغ َزح عُّ رؤثٛش رآصس٘/. الاديظبص انثُبئٙ ٚزكٌٕ يٍ إَٔٚٙ ٔكبg/gm 21سعزّ 
َزح عُّ سعخ ثبثزخ نكم انزشاكٛض  )G6 enimadohR , eulB enelyhteM(يحهٕل انًزكٌٕ يٍ اطجبغ كبرَٕٛٛخ 
انًذسٔسخ. انجٛبَبد انحشكٛخ انزفبعهٛخ أػحذ الاديظبص يبص نهحشاسح نكم الاطجبغ عُذ الاديظبص الاحبد٘. 
 / eulb enelyhtem _ egnaro lyhtem / eulb enelyhtem(ديظبص انثُبئٙ ثعغ َزح عُّ يثم ٔنكٍ عُذ الا
 egnaro lyhteM , G6 enimadohRاديظبص ؽبسد نهحشاسح ثًُٛب انًحهٕل انًزكٌٕ يٍ  )G6 enimadohR
 َزح عُّ اديظبص يبص نهحشاسح.
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1 CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
Most of the local power generation plants of the Saudi electricity company use heavy fuel 
oil combustion for power generation, which results in large quantities of oil fly ash. There 
are 70 power plants consuming 22 million metric tons of diesel fuel, crude oil and heavy 
fuel oil. Fly ash is a by-product of the fuel combustion process, including combustion of 
coal and fuel oil. Oil fly ash (OFA) is typically a black powder type of waste material that 
results from the use of crude and residual oil for power generation. The OFA contains 
mainly elemental carbon (92-95 wt %); the remaining are sulfur (4-6wt%) , very small 
amount of metals (vanadium , magnesium) and silicon[1,2]. OFA is collected in the 
electrostatic precipitators (ESP) which are installed on the smoke stacks of boilers 
burning oil of air pollution control. These quantities must be disposed of properly.  
Based on the type of fuel used, fly ash is divided into ‗‘coal fly ash‘‘ (CFA) and ‗‘Oil Fly 
Ash‘‘ (OFA). According to a 2009 survey of American chemical society, more than 71 
million tons of fly ash is produced annually in USA by coal-fired plants and 45% of this 
quantity is reused in different applications. It is mainly used as a replacement of Portland 
cement; as a filler in polymers, asphalt and cementitious material; stabilizing agent and 
also for adsorption of solutes and solidification for waste and sludge[3–6]. The ministry 
of water and electricity in Saudi Arabia owns 70 power plants across the country. In 
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2006, these plants consumed 9,285,832 metric tons of diesel fuel, 7,210,998 metric tons 
of crude oil, 5,436,897 metric tons of heavy fuel oil and 22,913 million m
3
 of gas. A 
number of local power generation plants of the Saudi electricity and water desalination 
companies use heavy fuel oil combustion for power generation, which results in large 
quantities of OFA.  The total amount of disposed OFA in 2008 was about 240,000m
3
. 
This amount is expected to increase to 440,000m
3
 by 2013. The disposal of these 
quantities is an expensive process as it requires strict disposal procedure to ensure limited 
environmental pollution[2,6,7]. 
Analysis of OFA have shown that OFA produced in the Kingdom is mainly composed of 
around 90% unburned carbon in addition to some inorganic substances such as SiO2, 
Fe2O3 , Al2O3 and CaO and traces of heavy metals. Because of carbonaceous contents 
and morphology of oil fly ash has gained much attention as a low-cost adsorbent[6]. It is 
expected that with some chemical treatment activated, the OFA can be utilized to remove 
toxic gases from the mixture. OFA has gained a particular attention as a cheap adsorbent 
due to its ability to leach objectionable metals from wastewater and to remove pollutant 
gases from flue gas[8]. Md. Azhar Uddin et al. prepared an activated carbon for 
adsorption applications by the pyrolysis of mixture of fly ash with road paving asphalt 
dissolved in kerosene at 650oC in N2 atmosphere. They showed macropore diameter of 
the sample increased by an asphalt ratio[9]. Yang et al studied the surface modification of 
fly ash by heating it isothermally and investigated its impact on the properties of polymer 
composites[10]. Shawabkeh et al. reported the increase in a BET surface area of OFA by 
treating it with acid mixture. They used the combination of sulfuric and nitric acid to 
attach the COOH group to the surface of fly ash. Functionalizing the OFA made it more 
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compatible with non-polar polymers[1]. Kulkarni et al. Performed adhesion experiments 
to modify the surface properties of fly ash and study its effect on the polymer 
composite[11]. SalvatroAndidi et al were used oil fly ash to adsorbed 2-chlorophenol 
(CP), 2-chloroaniline (CA) and methylene blue (MB) from aqueous solutions. Adsorption 
was highest for 2-chlorophenol (CP) and quite low for other two organics [12]. Ali L-
yaumi et al activated the fly ash with 30% NH4OH and recorded its adsorption capacity 
around 250 mg/g for the selective adsorption of CO2 from a mixture of CO2-N2[5]. Bada 
et al. investigated the adsorption capabilities of chemically treated and heat treated fly ash 
samples. They used Hydrochloric acid for chemical treatment and found relatively higher 
specific surface area as compared to heat treated fly ash. This increased surface area was 
achieved due to the corrosion of the outer layer of the fly ash to ash to disintegrate its 
stable glassy layer [13]. 
Keeping in view the adsorption abilities of fly ash, the present study is aimed to activate 
the raw OFA collected from power plant by treating it with suitable activating agent and 
then use the modified oil fly ash for selective removal of acidic gases from a gas mixture. 
The physic-chemical treatment adopted in this research is intended to increase the surface 
area of OFA as well as the adsorption capacity at elevated temperatures. The success of 
this work will steer us to utilize the one pollutant (i.e. OFA) to remove another pollutants 
(i.e. H2S and CO2) from an industrial gas. The raw ash was also modified to access the 
capability of ash to remove the dyes from aqueous solution. 
1.2 Thesis Summary 
This section will highlight the summary of each chapter. Each chapter will be discussed 




This chapter outlines the literature regarding the application of fly ash carbon as 
adsorbent to remove objectionable compounds from either gas stream or from aqueous 
solution. 
Chapter 3 
This chapter describes about the mesoporous activated carbon is produced from oil fly 
ash (OFA) using chemical and thermal treatment at different activation conditions. The 
ash samples were refluxed with a range of compositions of sulfuric, nitric and phosphoric 
acids followed by thermal activation in a tubular reactor. The composition of the acids 
and the reaction temperature were optimized to yield mesoporous activated carbon with a 
high surface area and yield. Several characterization methods were used to study the 
surface characteristics, morphology, functional groups, phase transition, and adsorption. 
FTIR spectra show the existence of carboxylic and amine functional groups, which 
increases with increasing percentage of nitric acid. SEM spot analysis and EDX 
demonstrate that the carbon content increases from 77.4 to 95.7% upon chemical 
treatment. Specimens treated with 20 vol. % H2SO4, 40 vol. % HNO3 and 40 vol. % 
H3PO4 and activated at 990
o
C have a BET surface area of 375.7m
2
/g when compared to 4 
m
2
/g for the original OFA. The BJH adsorption pore distribution indicates an average 
pore size of 50 Å with a total mesopore volume of 0.22cm
3
/g (73.6% of the total pore 







This chapter describes that Activated carbon (AC) is made from waste oil fly ash (OFA) 
which is produced in large quantities from power generation plants through combustion 
of heavy fuel oil. OFA contains ~ 80% carbon that makes it suitable for producing AC by 
physicochemical treatments using a mixture of HNO3, H2SO4, and H3PO4 acids to 
remove non-carbonaceous impurities. The acid treated OFA is then activated by CO2 at 
990°C.Thephysico-chemical treatments of OFA have increased the surface area from 4 to 
375 m
2
/g. Surface morphology and pore volume of AC are characterized by combined 
SEM and EDX techniques. Elemental analysis shows that sulfur content is reduced from 
7.1 wt% in untreated OFA to 0.51 wt% for the treated OFA. The AC is further treated 
with HNO3 and NH4OH solutions in order to attach the carboxylic and amine groups on 
the surface, respectively. FTIR characterization is used to confirm the presence of the 
functional groups on the surface of AC at different stages of its development. The 
performance of functionalized AC samples is tested for the removal of H2S from a 
synthetic natural gas by carrying out breakthrough experiments. The results from these 
tests have shown maximum adsorption capacity of 0.3mg/g for NH4OH functionalized 
activated carbon with 86.43% regeneration efficiency. The ammonium hydroxide treated 
AC is found to be more effective for H2S removal than acid treated AC as confirmed by 
breakthrough experiments. The results indicate that the presence of more acidic 







This chapter describes that Waste oil fly ash (OFA) collected from power generation 
plants disposal was treated by physico-chemical treatments to improve the surface 
properties of OFA for potential H2S adsorption from synthetic natural gas. As-received 
OFA was treated with acid mixture (20% HNO3 and 80% H3PO4) followed by 2M KOH 
to improve surface area as well as surface affinity to adsorb H2S. Surface morphology 
and pore volume of activated were characterized using combined SEM-EDX, XRD 
analysis. FTIR characterization was used to confirm the presence of the functional groups 
on the surface of activated carbon at different stages of its development. Adsorption of 
H2S onto activated OFA were studied using kinetic and breakthrough modeling using 
well-known Langmuir, Freundlich, Sips and dual site Langmuir (DSL) model. 
Equilibrium isotherm modeling showed that OFA has dual site with higher and lower 
affinity for H2S adsorption. The effect flow rates and inlets concentrations have been 
explain through Yoon-Nelson model, Thomas model and Clark model. Maximum uptake 
capacity of 8.5mg/g was obtained for 0.2L/min flow rate with 100 ppm inlet 
concentration. 
Chapter 6 
This chapter describes that Oil fly ash (OFA) is treated by different mixtures of oxidizing 
agents followed by either steam or CO2 activation. A setup is designed where steam 
generated at 8bar and 300
o
C is injected through a long coil tubing which is kept with the 
OFA sample in an oven. The oven temperature is maintained at three different 
temperatures namely 330, 660, and 990
o
C. The activated samples were characterized for 
their surface area, pore size distribution and morphology. The treatment with 40 wt.% 
7 
 
(16M) HNO3, 40 wt.% (18 M) H3PO4 and 20 wt.% (18 M) H2SO4 followed by CO2 
activation at 990
o
C has shown the highest surface area  of 375 m
2
/g. SEM images have 
shown more micro-pores and well developed particle size and porous structure resulting 
from steam activation at high temperature. Acid activation provided -OH- functional 
group which is also confirmed by FTIR analysis. The maximum adsorption capacity for 
H2S from natural gas, obtained at ambient conditions and a flow rate of 0.4L/min, is 
found to be 4.9mg/g. The sorption kinetics has shown chemisorption of H2S on the 
surface. The sorption isotherm shows a multilayer adsorption which fits BET equation. 
Chapter 7 
This chapter summarizes the results of the removal of dyes from a binary solution of 
different combinations of methylene blue, Methyl orange and Rhodamine 6G. 
Chapter 8 
This chapter summarizes the results of adsorption of CO2 onto prepared activated carbon 
Chapter 9 
The content of this chapter includes conclusions and recommendations. 
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2 CHAPTER 2 
LITERATURE REVIEW 
Fly ash is a by-product of fuel combustion process which is typically black powder type 
waste material that results from the use of crude and residual oil in power generation 
plants.  This material has no economic value and is considered as one of the major wastes 
in the Kingdom that requires disposal.  The ministry of water and electricity owns 70 
power plants across the country. In 2006, these plants consumed 9.3, 7.2, and 5.5 million 
metric tons of diesel, crude oil and heavy fuel, respectively, where 240,000 cubic meter 
of fly ash was produced. 
On the other hand, emission of toxic gases into the Kingdom atmosphere is another 
primary source of air pollution. Combustion of this heavy oil, refineries by-products, 
smelting operation, sulfuric acid manufacturing and metallurgical processes are the main 
source for discharging of these gases into atmosphere.  For example, in 2006, the power 
plants have used 22,913 million cubic meter of natural gas that contains 3-8 vol.% of 
H2S which is discharged directly into atmosphere [1]. Once these gases enter into 
troposphere, they react with water and oxygen molecules to form acid rain. The presence 
of these gases in natural gas is the root for many major problems in gas processing 
industry. Hydrogen sulfide, for example, is certainly highly hazardous material as it is 
flammable and poisonous to humans and animals, which can be lethal at 350 ppm level.  
Therefore, it is required to treat sour gases from such pollutant and decrease its 
concentration in the downstream product. Consequently, several attempts were made to 
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treat the discharge of acidic gases, into atmosphere.  The most widely used removal 
technique is chemical absorption and neutralization by amine solution. Although this 
technique is the most commonly used as gas separation process in the petrochemical 
industries, it suffers from numerous problems including: high-energy requirements, 
corrosion, and susceptibility to foaming. Alternatively, adsorption process is used with an 
efficient manner. Numerous adsorbents were used to clean up these toxicants from sour 
gases. Activated ash is intensively used in treatment of sulfur dioxide, carbon dioxide, 
and hydrogen sulfide in upstream gases [2]. Other adsorbents such as fly ash [3], titanium 
dioxide and synthetic and natural zeolite are also used [4, 5].  
2.1 Fly ash as an Adsorbent 
Several studies have been reported on the utilization of fly ash for the adsorption of 
individual toxicant in an aqueous solution or from flue gas. Salvatro Andidi et al were 
used oil fly ash to adsorbed 2-chlorophenol (CP), 2-chloroaniline (CA) and methylene 
blue (MB) from aqueous solutions. Adsorption was highest for 2-chlorophenol (CP) and 
quite low for other two organics[6]. Bada et al. investigated the adsorption capabilities of 
chemically treated and heat treated fly ash samples. They used Hydrochloric acid for 
chemical treatment and found relatively higher specific surface area as compared to heat 
treated fly ash. This increased surface area was achieved due to the corrosion of the outer 
layer of the fly ash to ash to disintegrate its stable glassy layer[7]. Md. Azhar Uddin et al. 
prepared an activated carbon for adsorption applications by the pyrolysis of mixture of 
fly ash with road paving asphalt dissolved in kerosene at 650
o
C in N2 atmosphere. They 
showed macropore diameter of the sample increased by an asphalt ratio [8]. A. Al-
Shawabkeh et al. prepared Calcium hydroxide treated fly ash adsorbent and tested it for 
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SO2 adsorption. SO2 was chemically adsorbed and showed first order kinetics [9]. 
Bagreeve et al studied the NaOH modified activated carbon for the adsorption of H2S and 
concluded that adsorption capacity was increased with loading of NaOH and insensitive 
to pore structure and surface area [10]. Prezeprioski et al also reported a significant 
improvement in adsorption capacity of H2S after treating activated carbon with 
K2CO3[11] . It is concluded that the presence of alkali metals on the activated carbon 
surface helps to dissociate the H2S molecule and hence increases the uptake capacity. 
From the literature, it is revealed that not only the porosity but also the surface chemistry 
is important to enhance the adsorption capacity of AC. Higher surface area and very fine 
micropores exerts strong interactions between adsorbate gas molecules and carbon 
structure and results physical adsorption but on the other hand the presence of OH 
functional group or the cations dissociates the H2S and promote chemisorption. 
Yaumi et al. modified OFA using ammonium hydroxide and studied the adsorption of 
CO2 under various flow conditions. They noticed the increase in adsorption capacity with 
higher concentration of CO2 and flow rate [12]. Rubio and Izquierdo obtained promising 
results for SO2 removal using activated carbon produced from oil agglomerated fly ash 
[13]. Wang et al. used fly ash to synthesize zeolite adsorbent for the treatment of waste 
water containing cationic dyes [14]. Visa and Duta synthesized a substrate by 
hydrothermal processing of fly ash and TiO2 nano-powder. They reported an efficient and 
simultaneous removal of surfactant and heavy metals in a single step process [15]. It is 
evident that fly ash has a great potential in the environmental applications. Fly ash is an 
interesting alternative to replace activated carbon or zeolites for adsorption in the water 
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pollution treatment. Despite the number of published laboratory data, fly ash adsorbent 
has not been applied at an industrial scale. 
2.2 Adsorption of H2S  
Environmental pollution is one of the burning issue that this world facing today since the 
start of industrial revolution. Exponential rise of pollutants in the air and aquatic streams 
make this environmental issue more severe with regard to its direct and indirect effect on 
the inhabitants of this world [16]. Toxic acidic gases (like CO2 and H2S) are considered 
one of the pollutants that have direct effect on human. Natural gas contains these acidic 
gases as an impurity in addition to light and heavier hydrocarbons. The gas quality is 
highly dependent on the concentration of these contaminants.  Exposure to such 
chemicals can damage the central nervous system, respiratory system, kidney, and blood 
system if entered human body [17].  
Exhaust gases emitting form petroleum and petrochemical industries are contaminated 
with hydrogen sulfide, sulfur dioxide, carbon dioxides or nitrous oxides are stored 
underground and can combine with natural gas. Black Sea, for example, contains 50m 
thick layer of hydrogen sulphide between aerobic and anaerobic water that lies after 
approximately 200m depth along the axis of black sea. H2S concentration increases 
steadily from 300ppm at a depth of 1000m to 400ppm at 1900m. The amount of this gas 
is estimated at about 2.5-3.0 million tons with a concentration of 8 mg/L in 1000 m depth 
and 13.5 mg/L in the sea bed [18]. According to the International Energy Agency, about 
43% of the world‘s natural gas reserves (2,580 TCF), excluding North America, are sour. 
The Middle East, which has the world‘s most sour gas reserves, contains 60% sour gas. 
In Russia, the world‘s largest natural gas producer, 34% of total reserves are sour gas 
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[19]. In China, recent statistics showed that millions of people are in contact with sulfur 
dioxide, sulfates, ozone, black carbon, flu-laced desert dust and mercury. Emission of 
SO2 alone are thought to cause' harm equivalent to 12 percent of China's GNP. NOx---the 
main cause of urban smog---have raised 3.8 percent over 25 years of period. And it is 
expected to be doubled by 2020.  In Russia, recent statistics showed that 14 million 
people are in contact with sulfur dioxide, heavy metals (nickel, copper, cobalt, lead, 
selenium), phenols and hydrogen sulfide where the Mining and Smeltering works are 
located nearby [20].  
In Arab countries, the situation is similar where many countries do not control release of 
greenhouse gases, or fail to implement existing legislation.  These problems are often 
compounded by the lack of treatment, unsafe transport, concentration in urban areas and 
inadequate management [21]. Agency for Toxic Substances & Disease Registry, USA 
has classified hydrogen sulfide as the top 35 of the 1,689 National Priorities List of 
hazardous substances identified by the U.S. Environmental Protection Agency (EPA) that 
need urgent treatment before entering into the environment [22]. Therefore, removing 
this gas or decreasing its concentrations to the permitted levels before discharging 
becomes a challenging issue. 
Several technological processes can be performed to remediate hydrogen sulfide from 
downstream were adsorption can be employed efficiently at trace level with low cost. It is 
a mass transfer process that involves contact of a solid (adsorbent) with a fluid containing 
the target solute (adsorbate).  The surface area of the adsorbent generally governs 
adsorption efficiency and selectivity as a result of accumulating of the adsorbate on the 
surface of the adsorbent.  The adsorbent materials are classified into three categories: 
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(1) Oxygen-containing compounds which are hydrophilic and polar in nature. 
Examples of these materials are silica gel and zeolites.  
(2) Polymer-based compounds. These compounds are either polar or non-polar 
functional groups in a porous polymer matrix. 
(3) Carbon-based compounds which are hydrophobic and non-polar, including 
materials such as activated carbon. 
Several research efforts were performed to use different adsorbent for removal of 
hydrogen sulfide from gas stream. Following table summarizes the adsorption of H2S on 
various adsorbents. 
 
Table 2–1: Adsorption capacities of H2S on Different Adsorbents. 
Material Adsorption Capacity(mg/g) Reference 
Coal based Impregnated AC 9.3 [23] 
Oxidized activated carbon fiber 4.57 [24] 
MDEA-modified SBA-15 5.98 [25] 
Fine particle rubber media (FPRM) 0.12 [26] 
Peach and apricot Stone 3.65 [27] 
CO2acivated red pine wood 0.255 cm
3
/g [28] 
Sewage sludge and metal sludge 20.1 [29] 
MIL-53 0.714 [30] 




2.3 Adsorption of Dyes 
There are various industries including textiles, printing, food, paper and pulp, dyeing and 
leather industries those discharges voluminous amount of wastewater bearing dyes and 
pigments. Colored water not only damages the aesthetics of environment as well as poses 
a serious threat to aquatic ecosystem by hampering light penetration to water bodies. 
Among different types of treatment technologies to remove dyes from wastewater, 
adsorption is one of most promising option especially when the adsorbent is cheap and 
does not need any additional pretreatment for its activation. Calcium rich fly ash carbon 
adsorbs 98% of Congo red by chemisorption from solution under optimum conditions of 
temperature, pH and concentrations. Thermodynamics studies show the endothermic and 
spontaneous adsorption [32]. I D Mall et al. compare the efficiency of the removal of 
Congo red by commercial grade activated carbon with Bagasse fly ash (BFA) and 





Table 2–2: Uptake capacities of different dyes on fly ash based adsorbents 
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3 CHAPTER 3 
Thermochemical Treatment of Fly Ash for Synthesis of 
Mesoporous Activated Carbon 





3.1 Introduction  
Activated carbon (AC) is one of the most promising adsorbents that is used for many 
environmental, medical, analytical, and industrial applications. It is characterized as a 
material with a high surface area and a well-developed pore size distribution. The main 
precursors used for the production of AC are lignocellulosic, coal, and petroleum pitch 
raw materials [1-3]. Fly ash is a solid waste material that is produced during the 
combustion of coal and fossil fuel. It has a substantial carbon content (45-90 mass %), 
which is suitable a source for the production of AC. The carbon content and the 
experimental conditions influence the pore structure and the surface morphology of the 
produced carbon. Chemical activation using different metal salts and/or oxidizing agents 
leads to the dehydration and pyrolysis of the raw material at low temperature [4]. 
Thermal treatment in the presence of carbon dioxide, steam, or partially oxidizing gases 
develops a pore structure in the AC which significantly increases the surface area. Further 
chemical treatment with reagents containing various functional groups can also enhance 
the carbon selectivity and adsorption capacity for target solutes and gases. Many research 
efforts have focused on the production of activated carbonaceous materials by chemical 
and/or thermal treatment of fly ash. Izquierdo and Rubio evaluated coal fly ash as a 
starting material for the production of activated carbon by steam activation at 900
o
C [5]. 
They found that increasing the activation temperature has a substantial effect on the 
surface area and the pore volume. Purnomo et al. studied the effect of the activation 
methods on the properties of AC produced from bagasse fly ash [6]. They showed that 
the chemical activation using KOH followed by thermal treatment in the presence of 
carbon dioxide can form a microporous carbon matrix. Mofarrah et al. treated oil fly ash 
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(OFA) with a mixture of nitric and hydrochloric acids followed by activation using 
phosphoric acid at 550-800 
o
C [7]. A maximum surface area of 148.3 m
2
/g was achieved 
at an activation temperature of 800
o
C. Other investigators have shown that increasing the 
carbon to metal oxide ratio in the ash matrix as well as the activation temperature can 
increase the surface area, pore volume, and hence the adsorption capacity [8-15]. These 
efforts, to our knowledge, were not focused on optimizing the experimental conditions to 
improve the surface properties of AC.  
In this study, the effects of the varying composition of a mixture of the three oxidizing 
agents (nitric, sulfuric and phosphoric acids) combined with the thermal treatment of 
OFA at several temperatures on the production of mesoporous AC were evaluated. The 
surface properties, morphology, and the yield of the produced AC samples were also 
determined. 
3.2 MATERIALS AND METHODS 
3.2.1 Materials 
OFA was received from the Rabigh power plant, Saudi Arabia. Prior to activation, it was 
dried at 110 °C, sieved with 45 µm mesh, and stored in capped containers. The reagents 
used such as nitric, sulfuric and phosphoric acids and ammonium hydroxide are of 
analytical reagent grade and were procured from Sigma-Aldrich and Sharlau chemical 
companies. Carbon dioxide and nitrogen are of 99.999% purity and were supplied by the 
Saudi Industrial Gases Company.   
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3.2.2 Chemical Activation of OFA 
Twenty one OFA samples were treated with a mixture of the three oxidizing agents of 
varying composition as shown in Table3.1. In a typical run, a 10 g sample was refluxed 
with 200 mL of the acid mixture at the boiling point of ca. 110
o
C for 4 h. Then the 
reaction mixture was cooled to room temperature (22±1
o
C) and was filtered. The AC 
produced was washed several times with hot and double distilled water to remove the 
acids from the pores of the AC. The treated OFA cake was dried at 110
o





























1 0 0 100 
2 0 20 80 
3 0 40 60 
4 0 60 40 
5 0 80 20 
6 0 100 0 
7 20 0 80 
8 20 20 60 
9 20 40 40 
10 20 60 20 
11 20 80 0 
12 40 0 60 
13 40 20 40 
14 40 40 20 
15 40 60 0 
16 60 0 40 
17 60 20 20 
18 60 40 0 
19 80 0 20 
20 80 20 0 
21 100 0 0 
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3.2.3 Physical Treatment of OFA 
The chemically treated OFA samples were further activated with CO2 at elevated 
temperatures (330, 660 and 990
o
C) in a tubular furnace. A portion of each of the 
chemically treated samples (6 g) was placed in a stainless steel reaction tube (of 1 cm ID 
and 20 cm length) and CO2 was passed at a flow rate of 1 L/min and a pressure of 2 bars. 
The temperature of the furnace was increased at a rate of 10
o
C/min to the desired value 
and held for 30 min. Then the sample was removed from the furnace, cooled to room 
temperature (22±1
 o
C) and stored in capped containers, after determining the weight, for 
characterization and functionalization.  
The degree of burn-off, α (mass % ) is calculated using equation 1; 
        
     
  
                           (1) 
Where wi is the initial mass of chemically treated fly ash and wf is the final mass of 
sample after CO2 activation. 
3.2.4 Surface Modification of OFA 
The thermally activated samples were first refluxed with concentrated nitric acid to 
functionalize the carbon surface with carboxylic groups, filtered, and washed well prior 
to refluxing with ammonium hydroxide (50 mL at 90°C) for 4 h. The functionalized 




3.2.5 Characterization of AC 
The surface area and the pore size distribution were determined using a Micromeritics 
ASAP 2020 BET analyzer. A sample of ca. 0.4 g was degassed at 300
o
C for 2 h under 
vacuum prior to making N2 adsorption-desorption measurements at 77 K. The hysteresis 
curves were recorded and the BET surface area was determined at 0.35Po. The pore size 
distribution was estimated using the Barret-Joyner-Halenda (BJH) surface/volume 
mesopore analysis. Surface morphology was determined using a JSM6400A JEOL 
Scanning Electron Microscope in conjunction with an Energy Dispersive X-ray (EDX) 
spectrometry option operated at 15 kV. The samples were first coated with a thin layer of 
gold prior to obtaining the SEM images. Spot analyses were conducted in triplicate to 
determine the elemental composition of the specimens. 
Fourier transform infrared (FTIR) spectroscopic analysis was performed using an FPC 
FTIR Perkin Elmer spectrometer. Dried AC samples were mixed with KBr powder and 
compressed to form transparent disks using a hydraulic press. These disks were further 
dried at 110°C to minimize moisture interference, prior to obtaining the FTIR spectra 
using the transmission mode in the 500 to 4000 cm
-1
 range. Thermogravimetric analysis 
(TGA) was performed on a SDT Q600 Model combined TGA-DSC analyzer, which was 
calibrated with calcium oxalate and aluminum supplied by SDT. Samples of 5-10 mg 
were heated from 300 to 1073 K at a rate of 10 K/min with a nitrogen flow rate of 10 
mL/min. The mass of the samples was recorded as a function of the temperature. Thermal 
analysis was carried out in a differential scanning calorimeter, DSC (TA-Q1000). The 
program involves heating from 310 K to 573 K at a rate of 5 K/min with a hold at 378 K 
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for 3 minutes to remove water vapor. The different samples were scanned at the same 
conditions to assess the impact of the treatment on the DSC heating curve. 
3.3 Results and Discussion 
Elemental composition of raw and treated OFA is shown in Table3.2. Raw OFA is a 
black colored material that contains a high percentage of unburned carbon (77.4 mass %) 
and a significant amount of mineral oxides such as alumina, silica, and alkali and alkali 
earth metal oxides. Sulfur percentage in the ash sample is the second highest at 9.32 mass 
%, formed as a result of burning sulfur containing organic materials, pyrites and/or 
sulfates [16]. When the ash was refluxed with the acid mixture, the metal oxide content 
decreases due to the removal mineral oxides by leaching. Sulfur is also reduced from 9.32 
to 0.51 mass %. The oxidation of the ash sample increases the percentage of oxygen 
containing functional groups on its surface to yield an activated carbon with 79.38% 
carbon and 20.06% oxygen. Additional thermal treatment results in the dissociation of the 
oxygenated functional groups to yield samples with 83.6 mass% carbon and 15.65 mass 
% oxygen. Further treatment with ammonium hydroxide significantly decreases the 
























treated and NH4OH 
functionalized 
/mass % 
C 77.40 79.38 83.61 97.26 
O 7.10 20.06 15.65 1.35 
S 9.32 0.51 0.62 1.36 
Al 0.25 - - - 
Mg 1.41 - - - 
Ca 0.23 - - - 
V 1.29 - - - 
Ni 0.68 - - - 
Zn 0.40 - - - 
Si 0.08 0.05 0.12 0.02 
Fe 0.14 - - - 
 
3.3.1 Surface Area and Pore Size Distribution 
The curves for the adsorption and desorption of nitrogen on chemically and 
thermochemically treated OFA displaying hysteresis are shown in Fig.3.1. Raw fly ash 
demonstrates steep sorption steps (Type H2) with a low monolayer capacity due to the 
relatively large pore size. Chemically treated samples showed a higher monolayer 
capacity of 0.3 mmol N2/g with a stepwise sorption hysteresis appearing at a relative 
pressure higher than 0.35P/P
o
. This is attributed to the capillary condensation in the 
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mesoporous structure (Type IV), which occurs due to the spontaneous filling of the 
internal capillary surface accompanied by the loss of the stability of the adsorption films 
on capillary walls [17]. When this sample is further thermally treated in the presence of 
CO2 a narrow adsorption-desorption hysteresis appeares at P/Po > 0.4 with the formation 
of more micro and mesopores in the carbon matrix. As a consequence, the monolayer 





/g when the chemically treated sample is subjected to thermal treatment at 990 
o















































































































The impact of the composition of the acid mixture on the surface area of the AC is 
illustrated in Fig.3.2. Fig.3.2 (a) shows that in the absence of sulfuric acid a mixture of 20 
vol. % HNO3 and 80 vol. % H3PO4 gives the highest surface area after chemical 
treatment. Further increase in the percentage of nitric acid decreases the surface area as a 
result of pore damage. This trend is also present in thermally treated samples but with a 
less degree of pore damage (Fig.3.2 (b)). The effect of addition of sulfuric acid is 
pronounced, leading to the opening of more pores during thermal treatment and hence 
increasing the surface area. An increased surface area of 303.4, 338.5 and 375.7 m
2
/g was 
achieved for samples thermochemically treated with 60, 40, and 20 vol. % H2SO4, 
respectively.  
The effects of the acid mixture on the pore structure of the AC produced by chemical 
treatment are presented in Fig.3.3. Raw ash samples display a broad pore distribution in 
the range of 50-1000 Å and the incremental pore volume increases with increasing pore 
diameter. The presence of mineral oxides in the ash matrix leads to a blockage in the 
pores and hence contributes to the decrease of the total pore volume. Upon treatment with 
the acid mixture some of the minerals are leached out, which increases the carbon 
porosity. The magnitude of the increase is affected by the composition of the acid 
mixture. Fig.3.3(a) shows that an increase of the ratio of nitric to phosphoric acid 
increases both micropores and mesopores. Although the initial treatment with 100 vol. % 
H3PO4 does not change the pore structure, the incremental pore volume decreases with 
increasing pore size. Similar findings are obtained when samples are treated with 100% 
HNO3, which increases the incremental pore volume at a lower pore radius producing 













Figure 3-2: Effect of the acid composition and thermal treatment on the surface area of active carbon; (a) 






























































mesopores. The increase in the ratio of nitric acid to phosphoric acid leads to the opening 
of more micropores and mesopores, which leads to an increased contribution to the total 
pore volume as in the case of the treatment by 80 vol. % HNO3. This can be attributed to 
the promotion of the crosslinking reaction of carbon by the acid. Phosphoric acid initiates 
splitting of the weak connecting bridges within the carbon structure in the ash samples. 
This is followed by the recombination of the fragmented structure to form stronger 
linkages, forming a larger structural carbon unit [18]. Similar finding were reported by 
Yakout and El-Deen [19] for the pyrolysis of the cellulosic structure of olive stone by 
phosphoric acid. They found that phosphoric acid can release tar from the cellulose cross-
linked framework and hence promote porosity [19].  These results are also supported by 
previous investigations [20, 21]. During treatment nitric acid can also remove impurities 
and other oxidized char materials that block pore channels. Higher concentrations of 
nitric acid can destroy the pore walls and hence decrease the pore volume [22]. An 
optimum concentration of 20 vol. % HNO3 and 80 vol. % H3PO4 produces the largest 
micropore and mesopore volume of 0.023 cm³/g which accounts for 24.1% of total pore 
volume. Combined effects of nitric and sulfuric acids (Fig.3.3 b) or sulfuric and 
phosphoric acids (Fig.3.3 c), on the other hand, does not have any effect on the opening 
of pores of the AC structure. This may be attributed to the strong action of both acids, 
which could significantly damage the pore structure. Sulfuric acid shows pore opening 
ability similar to that for the 20 vol. % HNO3 and 80 vol. % H3PO4 mixture, which can be 
related to the net O/H ratio of ca. 1.66-2 for the acid mixture. A study of the combined 
effects of the three acids (Fig.3.3 d) shows that an increase in the percentage of 
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phosphoric acid increases the micropore and mesopore volume to a value of 0.017 cm³/g 
for the sample activated with 20 vol. % H2SO4, 20 vol. % HNO3, and 60 vol. % H3PO4. 
Thermal treatment of ash samples increases the pore volume by 2-20 times when 
compared to that obtained with chemical treatment alone. As shown in Error! Reference 
ource not found., the percentage of micropores and mesopores has increased in all 
samples. For example, in the sample treated with 20 vol. % HNO3, 40 vol. % H2SO4, and 
40 vol. % H3PO4 and further thermally treated at 990
o
C the total pore volume is 0.3cm³/g 
when compared to 0.056cm³/g for the sample before thermal treatment. The percentage 
of micropores and mesopores increases from 0.9 to 4.5% and 10.7 to 32%, respectively, 
when thermally treated. Increasing the carbonization temperature to 990
o
C results in the 
release of volatile organic compounds from the pores. In addition, this will burn-off a 






















Figure 3-3: Effect of the composition of the acid mixture on the pore size of chemically treated samples; (a) 
Effect of the ratio of nitric acid to phosphoric acid on the pore size distribution, (b) Effect of the ratio of sulfuric 
















                 (d) 
Figure 3-4: Effect of the composition of the acid mixture on the pore size of thermochemically treated samples; 
(a) Effect of the ratio of nitric acid to phosphoric acid and thermal treatment, (b) Effect of the ratio of sulfuric 




3.3.2 FTIR Spectroscopy 
FTIR spectra of OFA and AC are shown in Fig.3.5. The spectrum of the untreated OFA 
has three major peaks; 3430 cm
-1
 attributed to either absorbed water molecules or 
dissolved volatile species; 1625 cm
-1
 due to the stretching mode of the carbonyl (C=O) 
group bonded to conjugated carbon atoms; and 1115 cm
-1
 due to C-O stretching [24]. 
Upon chemical treatment with the mixture of  20 vol. % H2SO4, 40 vol. % HNO3 and 40 
vol. % H3PO4 a new peak appears at 1715 cm
-1
 corresponding to carbonyl C=O 
stretching. The peak at 1115 cm
-1
 shifts to 1230 cm
-1
, which is due to the C–OH 
stretching vibrations [25]. Further treatment with CO2 at 990
o
C results in two more peaks 
at 2854 and 2924 cm
-1
, which correspond to symmetric stretching and asymmetric 
stretching of aliphatic C-H species, respectively. On the other hand, this sample loses all 
major peaks when it is soaked and refluxed with concentrated nitric acid, which is 
attributed to the damage of the activated ash structure [26]. The broad band at 1580 cm
-1
 
is assigned to the stretching of the aromatic ring coupled to highly conjugated carbonyl 
groups [42]. When this AC is refluxed with ammonium hydroxide, peaks related to amine 
functional groups appear at 3330, 2335, 1590, and 1100 cm
-1
. These peaks are assigned to 








Figure 3-5: FTIR spectra for (a) Raw OFA, (b) Chemically treated OFA, (c) Thermochemically treated OFA, (d) 





3.3.3 Surface Morphology  
SEM image showing the morphology of raw OFA is shown in Fig.3.6 (a), which 
confirms the presence of carbon spherical particles in the range of 10-100 µm with small 
cavities and pits at the micro level. Also, there are some aggregates of irregular shape 
containing mineral oxides (white areas). Chemical treatment with acids reduces the size 
of the carbon particles to 5-50 µm and generates pores of varying sizes (Fig.3.6 b). Some 
of these particles are filled with mineral oxides while others have become more porous. 
Additional thermal treatment yields an even more porous ash with the disappearance of 
the mineral oxides. Further treatment with HNO3 fractures the carbon particles leading to 
broken pore walls and irregular particle shapes.  On the other hand, the sample treated 





Figure 3-6: SEM images for activated ash; (a) Ash before treatment, (b) Chemically treated ash, (c) 
Thermochemically treated ash, (d) Thermochemical treatment followed by HNO3 itching, and (e) 




3.3.4 X-ray Diffraction Characterization 
X-Ray diffractograms for ash samples treated by different methods and AC samples are 
shown in Error! Reference source not found.7.  Raw OFA shows two broad peaks in the 
ange of 22-24 and 9-10 2Which are related to silica and Ca-Mg-silicate (tremolite), 
respectively Also, major peaks appear at 29.5 2 and 20.26 2 representing calcite 
(CACO3) and quartz, respectively [28]. When this sample is treated with acids the broad 
peak at 9-10 2 disappears as a result of leaching of silicates from the sample matrix. 
Further thermal treatment followed by acid etching and NH4OH functionalization lead to 
a decrease in the oxygen content.  
 




3.3.5 Thermo Gravimetric Analysis  
Thermogravimetric analysis (TGA) was performed on raw fly ash, and chemically treated 
and thermally treated fly ash samples to determine their thermal stability using an SDT 
Q600 instrument from TA Instruments Inc. TGA scans were obtained under a nitrogen 
environment, with a purge flow rate of 20 mL/min from 300 to 1073K at a heating rate of 
10K/min to determine the thermal parameters of each sample. The raw fly ash (Fig.3.8a) 
shows one-step degradation, whereas chemically treated ash (Fig.3.8b) shows a three-step 
degradation profile. This three-step degradation of chemically treated ash is due to the 
presence of volatile organic compounds. The initial degradation (5%) and char yield for 
raw fly ash and chemically treated ash are at 753K and 70% and 370K and 42%, 
respectively. Ash treated thermally (Figs.3.8c-e) at 660 
◦C and 990 ◦C displays a one-step 
degradation profile, whereas the sample treated at 330
 ◦
C displays a three-step rapid 
degradation. Above 660 
◦
C fly ash does not contain any volatile compounds due to their 
decomposition at lower temperatures. In terms of char yield, fly ash treated at 660
◦
C 




C. The thermochemically 
treated samples (HNO3 etched and NH4OH functionalized) show similar degradation 
profiles (Fig.3.8g). These samples degrade rapidly when compared to other samples due 
to the presence of readily removed volatile organic compounds. These samples 
demonstrate a maximum degradation at approximately 323K and other degradations in 
the samples after HNO3 etching and NH4OH functionalization are around 553K, 723K, 
and 953K and 473K, 753K, and 953K, respectively. The NH4OH treated fly ash sample 

















Figure 3-8: Thermogravimetric analysis of ash samples; (a) Raw ash, (b) Chemically treated ash, (c) Thermal 
treatment at 330oC, (d) Thermal treatment at 660oC,  (e) Thermal treatment at 990oC, (f) Thermochemical 
























































































































































































































3.3.6 Thermal Analysis 
The results of the DSC analysis for treated and untreated ash samples are shown in Fig. 
3.11. All curves show a strong endotherm below 373K. This is likely due to adsorption of 
water vapor from air just before sample loading and during storage. The endotherm is 
strong in the case of raw ash which was stored for a longer period of time. The heating 
above the boiling point of water and holding the temperature at 378K for 3 minutes is 
assumed to remove the adsorbed water. For raw and thermally treated ash samples, the 
heating curve was almost flat and did not show any significant variation above 400K. 




C) and 1263K 
(990
o
C). However, the chemically treated samples showed increase in heat flow 
(exothermic behavior) above 490K. The sample that was thermochemically treated and 
then functionalized by NH4OH showed the highest increase in heat release. This suggests 
that this treatment was successful in incorporating amine functional groups on the surface 
of ash. 
3.3.7 Effect of the Carbonization Temperature on the Carbon Yield 
Activation temperature has a noticeable impact on the characteristics and the yield both 
OFA and the produced AC. While the increasing carbonization temperature increases the 
surface area and the pore volume of AC, it has an adverse effect on the yield. Fig.3.9 
shows the effect of the ratio of nitric acid to phosphoric acid on the carbon yield. Fig.3.9 
(a) shows that in the presence of sulfuric acid the increase in the ratio of HNO3/H3PO4 
leads to a decrease in the yield. At lower acid ratios (i.e., HNO3/H3PO4 < 1) the carbon 
yield undergoes a steep decrease. For a sample treated with only nitric and phosphoric 
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acids increasing the HNO3/H3PO4 ratio from 0 to 1 results in a decrease in the carbon 
yield from 100 to 60%.  The addition of 20 vol. % sulfuric acid into this activation 
mixture further decreases the yield to 43%. This can be attributed to the burning of some 
of the carbon atoms in the ash matrix to produce carbon dioxide. A similar trend is 
observed in the case of thermal treatment, but to a lesser extent especially at higher nitric 
to phosphoric acid ratios (Fig.3.9 b). The overall yield after both chemical and thermal 
treatments shows a decrease from 100% to values of 40 to 20% (Fig.3.9 c).  There is an 
inverse correlation between the surface area and the yield, which indicates that increasing 
the surface area is at the expense of the carbon yield (Fig.3.10). For example, the sample 
that is thermochemically treated with 20 vol. % H2SO4, 40 vol. % HNO3, and 40 vol. % 
H3PO4 at 990
o
C has the highest surface area of 375.69m
2
/g and the lowest yield of 20%. 
In addition, the plot shows a sample with a surface area of ca. 200 m
2
/g corresponding to 
a 60% yield and another with a surface area of ca. 300 m
2















Figure 3-9: Activated carbon yield obtained after successive treatments for OFA; (a) Yield after chemical 


































































Figure 3-10: Correlation between yield and surface area of activated carbon obtained after different 
thermochemical treatments at 990oC. 
 























Activated carbon was produced from oil fly ash using thermochemical treatment at 
elevated temperatures. The effect of the composition of the acid mixture was studied and 
it was observed that more macropores and mesopores are formed. Thermal treatment 
enhances the generation of micropores. The thermochemical treatment leads to the 
generation of more micropore and mesopore volumes and hence increases the surface 
area of the produced AC. An optimum composition of 20 vol. % H2SO4, 40 vol. % 
HNO3, and 40 vol. % H3PO4 for chemical treatment of OFA followed by thermal 
treatment using CO2 at 990
o
C provides the highest surface area of 375.69m
2
/g but the 
yield is low at 20%. An increase of the concentration of nitric acid results in the decrease 
of the surface area as a result of pore damage. This trend is also present in thermally 
treated samples, but with a lesser degree of pore damage. SEM images show that the 
treatment with acids reduces the size of carbon particles to 5-50 µm and generates pores 
of varying sizes. Thermochemical treatment results in a total pore volume of 0.3cm³/g 
when compared to 0.056cm³/g achieved before thermal treatment. The percentage of 
micropores and mesopores increases from 0.9 to 4.5% and 10.7 to 32%, respectively. The 
waste OFA material is shown to be a potential raw material for the production of 
activated carbon. 
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4 CHAPTER 4 
Synthesis of Activated Carbon from Oil Fly Ash for 
Removal of H2S from Gas Stream 
 






Hydrogen sulfide is one of the major pollutants. The presence of H2S in natural gas 
results in major corrosion and environmental problems. Hydrogen sulfide is toxic and 
most harmful toxin gas for human and animals. It becomes fatal when its concentration 
exceeds 500 ppm [1–4]. On the other hand, the presence of H2S at concentrations higher 
than 5.5 mg/m
3
in natural gas leads to sulfur stress cracking that reduces life of processing 
and handling equipment. To overcome these adverse effects, several commercial 
technologies have been used forH2S removal from natural gas. Amine sweetening process 
is widely used in industries to lower the concentration of H2Sto the target level imposed 
by customers and downstream processors[5,6]. This method is costly in term of heat 
required for regeneration and also produces unwanted by-products.  Other treatment 
processes, such as membrane separation and biological treatment, either suffer from  low 
selectivity or they are not feasible at the larger scales [7]. Adsorption, on the other hand, 
can be used to capture H2S at trace levels with relatively low cost of adsorbent. This 
process becomes especially attractive option when an adsorbent material, such as oil fly 
ash (OFA), is available in large quantities and for low cost. This OFA is by-product of 
many industrial and power generation plant operations[8]. OFA usually causes 
environmental pollution problems and requires safe disposal. Therefore, utilization of 
waste OFA in removing H2S is expected to solve more than one environmental problem. 
The adsorption capacity of a material largely depends on its surface area. Generally, the 
higher specific surface area of an adsorbent results in the higher uptake capacity. 
Since OFA is pozzolanic in nature, it contains mainly unburned carbon (~80%) with 
some inorganic oxides like SiO2, Fe2O3, Al2O3, and CaO and traces of heavy metals[9]. 
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According to a survey conducted by American Coal Ash Association (ACAA) over 100 
million tons of coal combustion products were produced in 2012, where only 38% of 
total coal combustion products were used beneficially [10]. However, utilization rate of 
fly ash has increased greatly in China reaching up to 67% in 2010 compared to 20% rate 
in 1999[11]. Majority of fly ash is used in blended cements, filler for metal matrix 
composites, as raw material for metal recovery and as filler for polymers [12–
18].Recently, OFA has gained particular attention as potential adsorbent for several 
adsorbate due to its high carbonaceous contents and low cost [19–21]. Izquierdo et al 
studied SO2 removal using activated carbon (AC) produced from oil agglomerated coal 
fly ash. They compare the adsorption efficiency of anthracite coal based fly ash activated 
carbon with bituminous-lignite blended coal fly ash activated carbon and concluded that 
the latter is superior with 28mg/g uptake capacity [21]. With some chemical treatment, 
the porosimetric characteristics of ash may be enhanced to obtain a high surface area AC. 
Thus obtained, AC can be used to remove pollutants from flue gas. Our group used 
treated OFA for the adsorption of CO2 under different flow conditions.  A removal 
capacity of 240mg CO2/g-treated OFA was achieved. The interactions between CO2and 
ash surface were reported to be endothermic in nature [19, 20].  
Various treatment strategies could be implemented to increase the porosity and create 
some ordering of structure like in the synthesis of Zeolites [22–25]. For example, external 
heating of fly ash with acid mixture involves various sulfonation and nitrification 
reactions including the formation of phosphate functional groups. As a result oxides of 
sulfur and nitrogen and carbon dioxide are released during the chemical activation 
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process [26, 27]. Treatment of fly ash with acids also introduces hydrophilic groups like 
carboxylic and hydroxyl groups on the surface of ash [28]. 
Several kinds of carbon based adsorbents have been employed to capture H2S from gas 
stream. These adsorbents include agro based activated carbon[29,30], coal based and 
impregnated activated carbon[31,32].The use of fly ash as a precursor of activated carbon 
is advantageous due to abundant availability and one step activation procedure as 
compared to conventional production of activated carbon by two step activation. The 
literature on the utilization of OFA in the removal of H2Sfrom natural gas is scarce. 
Therefore, the objective of this study is to investigate the synthesis of AC from OFA and 
its application in the removal of H2S from natural gas. This objective will be achieved by 
successive chemical and physical treatments of OFA at different conditions using 
activation agents. The efficiency of such physico-chemical activation will strongly 
influence the potential of using OFA as a cheap source for AC for application in H2S gas 
removal from natural gas. 
4.2 Materials and Methods   
4.2.1 Materials 
Synthetic natural gas containing 50 ppm H2S in methane was supplied by Saudi Gas 
Company. The Pyrex glass ware was washed with demineralized water and dried in the 
oven at 105°C. Other Chemicals used are explained in Section 3.2.1. 
4.2.2 Activation of Oil Fly Ash 
The activation procedure was same as explained in the Section 3.2.2 & 3.2.3. 
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4.2.3 Treatment with NH4OH and HNO3 
Explain in the section 2.2.4. 
4.2.4 Characterization of Activated OFA 
4.2.4.1 Surface area and pore size determination 
Micrometrics ASAP 2020 instrument was used to determine the BET surface area pore 
volume and other surface properties of sample like pore size distribution. A sample of 
0.43gtreated OFA was degassed at 573K for 2h under vacuum, and then N2 gas was 
adsorbed-desorbed at 77K.Micro-pore volume was determined by the t-plot method[33]. 
4.2.4.2 Surface morphology 
AJEOL Scanning Electron Microscopy (Model JSM6400) in conjunction with Energy 
Dispersive Spectrophotometer (EDX) operated with 15kV accelerating voltage was used 
to analyze the morphology of ash samples. Each sample was coated with a thin layer of 
gold before the analysis. Elemental composition of the sample was determined by 
analyzing the X-ray spectrum generated through spot analysis. 
4.2.4.3 FTIR measurements 
Presence of functional groups at the surface of activated OFA was analyzed using FPC 
FTIR Perkin Elmer spectrophotometer. A sample of 1.0g of AC ash was mixed with 1.0g 
of KBr powder and hydraulically pressed at10 Ton/m2 to prepare a thin uniform pellet. 
The pellet was oven dried at 110°C to prevent any interference with moisture. All FTIR 





4.2.5 H2S breakthrough experiments 
An adsorption column (length = 12cm, I.D = 1cm) connected with N2 and CH4/H2S gas 
cylinders, was used for break through adsorption/desorption experiments (Fig.4.1). The 
column was packed with 2.0g treated OFA sample. Initially, the column was purged with 
N2 at a flow rate of 0.4 L/min for 15 min. Then a gas mixture containing 50ppm H2S and 
CH4 as balance was introduced to the column at 0.4 L/min, 20% RH at 22
o
C and 1 atm 
pressure.  Exit H2S concentration was continuously monitored by MultiRAE IR sensor 
every 2s until reaching the saturation. Some gas samples were analyzed using GC-MS 
spectrophotometer to check the reliability of the gas meter. After the completion of the 
adsorption cycle the valve was switched to N2 at 1 atm to start desorption cycle. The 
concentration of H2S in the exit gas was measured continuously and stopped when the 
exit concentration of H2S reaches zero ppm. The adsorption capacity was calculated from 
adsorption run using equation 4.1. 
   
    
 






    (4.1) 
Where q = equilibrium adsorption capacity, mg/g 
te = exhaust/saturation time of adsorbent. 
Co& C = Initial and concentration at time t, respectively, mg/cm
3
 
F = gas mixture flow rate, L/min 
M = mass of adsorbent, g 
t = time, min 
The adsorption capacity after the desorption process was calculated using the area 
between adsorption and desorption curves. This capacity is the working capacity of the 
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column. In this way we can define the regeneration efficiency (RE) of the column for the 
given dimension as follows:   
       ( )   
                          
                          
     
   
   
                           (   ) 
 
 
Figure 4-1: Experimental setup for H2S breakthrough adsorption/desorption measurements (PI: Pressure 
Indicator, FI: Flow meter, HI: Humidity Indicator) 
4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of AC 
The activation of OFA with acid affects the porosity of ash compared to the raw material. 
The BET surface areas were determined from N2 adsorption isotherms at 77K.Table 
4.1summarizes the results of BET analyses after acid and physical treatment with CO2. 
The acid treatment of OFA has leached out almost all major inorganic matter and 
increases the porosity. The surface area of acid treated OFA depends on the oxidation 
ability of the acid mixture. Based on O/H ratio in the chemical formula of the acid, the 
oxidation tendency of the acid increases according to the order HNO3> H2SO4> H3PO4. 
Chemical treatment with mixtures of HNO3/H3PO4 (without H2SO4) generates the highest 
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surface area corresponding to 57.34m
2
/g compared to single individual acid treatment. 
The incorporation of H2SO4 increases the degree of oxidation of the surface and makes 
the pore walls thinner thus easily damaged by HNO3. As a result micropores get enlarged 
to mesopores and consequent diminishing of surface area values. For a combination of 
H3PO4/H2SO4, the acid treatment of ash experienced a very small weight loss of 0.1% as 
compared to other combinations and produces 0.66 m
2
/g BET surface area except for 
only H2SO4 for which surface area is 8.41 m
2
/g. This may be attributed to damage of pore 
structure or the formation of phosphate layer which covers the pore structure [34]. When 
ash was treated with a strong oxidizing mixture, consisting of only HNO3/H2SO4 the 
weight loss was 91.3%. This shows strong oxidation conditions can destroy the carbon 
structure and pose a negative impact, results in decreasing the surface area to a value less 
than that of raw OFA (i.e.2.63 m
2
/g). 
Surface activation with the three acids at different volume ratios produced higher values 
of surface area compared to untreated OFA. Different acid compositions have different 
impact on weight loss of OFA. However, OFA treated with higher ratio of 
HNO3/H2SO4mixture showed a higher degree of weight loss in comparison with  
H3PO4/H2SO4. Raw OFA samples treated with a combination of the three acids generated 
the higher surface areas after CO2 activation. Samples having surface area greater than 
250m
2
/g experienced a burn-off greater than 50%. This shows that the surface of OFA 
treated with more oxidizing mixture is more prone to the reaction of CO2 with carbon that 
is essential in generating micro porosity, which leads to an increase of the surface area. 
Out of all different acid formulations covered in this study, OFA sample activated with 





/g)after CO2 activation as shown in the table 2. Consequently, OFA 
samples treated with this acid composition are further characterized for pore size 
distribution.  
Table 4–1: Impact of Physicochemical Treatment on BET surface areas 
 
 
Figure 4.2 shows the pore size distribution for ash samples before and after treatment 
with acid mixture of 20%H2SO4, 40%HNO3 and 40%H3PO4. The original ash sample has 
low pore size distribution and the pore volume increases with the increase in pore width. 
The total pore volume is related to the macropores for raw ash. Activation with acid 
mixture has increased the mesopore volume and decreases the macropores with an 
increase of total pore volume of 0.0257cm
3
/g over the original ash sample. Further 
treatment with CO2 at 990
o




Percentage of acids Chemical Treatment CO2 Activation 

















1 0 0 100 7.3 1.40 12.2 49.60 
2 0 40 60 41.5 57.34 37.8 120.59 
3 0 100 0 56.7 19.02 32.6 104.61 
4 20 40 40 56.3 4.05 55.1 375.69 
5 40 0 60 0.1 0.66 0.8 33.07 
6 40 20 40 12.5 4.14 35.1 195.52 
7 40 60 0 91.3 1.23 56.4 281.22 
8 100 0 0 20.5 8.41 3 72.15 
9 0 0 0 - 2.63 5.61 7.49 
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has decreased with an average mesopore size of 50 A°. When the sample was treated with 
CO2 at elevated temperatures micropores were generated with an average pore size of 50 
Å compared to 109 Å obtained after acid treatment.  Functionalization of selected 
samples with HNO3 has increased the pore size to 54 Å but the surface area decreased to 
39 m
2
/g from its original value of 375m
2
/g. This could be attributed to the damage of the 
pore network by generating aggregation and alignment in the ash structure. Subsequent 
surface modification of selected sample with HNO3 and NH4OH enlarged some of the 
micropores to produce more mesopores as shown in Table 4.2 
Surface area has been reduced from 375 m
2
/g of ACacid-CO2 to 80 m
2
/g and 39 m
2
/g during 
functionalization with NH4OH and HNO3, respectively. This is likely due to the decrease 
in pore volume. High surface area of  ACacid-CO2 allows both (NH4OH & HNO3) 
functionalizing agents to penetrate inside and react readily with carbon particles. The 
total pore volume (Table 4.2) of ACacid-CO2-NH4OH and ACacid-CO2-HNO3 is higher than that of 
ACacid-CO2 which is due to higher meso and macro porosity. Consequently, the average 
pore size decreased from 280˚A to 53˚A and 54˚A for ACacid-CO2-NH4OH and ACacid-CO2-





Figure 4-2: Pore size distribution of ash sample before and after treatment. 
 
 
Table 4–2: Textural properties of sample # 04 at different stages of activation and functionalization 
 


























Raw OFA 2.63 0 0.03 0.03 280 
ACacid 4.05 0.0010 0.0557 0.0547 109 
ACacid-CO2 375.69 0.0791 0.3002 0.2211 50 
ACacid-CO2-NH4OH 80.27 0.0672 0.3895 0.3223 53 
ACacid-CO2-HNO3 39.03 0.0600 0.3530 0.2930 54 
60 
 
The EDX results of selected OFA treated samples are summarized in Table 4.3. The 
results show increase in oxygen to carbon ratio due to the leaching of some elements 
from raw OFA. Sulfur is reduced from 7.1% to 0.51 wt% after acid treatment. The 
possible reasons are either oxidation of sulfur to SO2 or the removal of free elemental 
sulfur during the washing step or a combination of these two processes. Sulfur dioxide is 
produced due to the strong interaction of HNO3withsulfate and pyrite sulfur in untreated 
OFA [9]. Subsequent CO2 activation of acid treated ash breaks up some carbon bonding 
from the structure of ash and produces gaseous CO and carbon surface with oxygen 
chemisorbed on to it known as ―surface-oxygen complex‖. Under the reaction conditions, 
surface-oxygen complex may either become stable and inhibit further reaction of CO2 
with carbon surface by blocking the reaction sites or it decomposes to CO leaving a free 
surface carbon atoms available for further reaction [35]. 
 
Table 4–3: Average Atomic composition of sample # 4 after the activation of OFA 




Carbon (%) 79.43 95.71 96.79 83.61 
Oxygen (%) 20.06 3.35 1.67 15.77 
Sulfur (%) 0.51 0.93 1.54 0.62 
O/C 0.252 0.035 0.017 0.188 
Weight Loss 
(%) 
56.2 55.1 11 35 






SEM images (Fig.3.6) show that ash particles are composed of spheres, spheroids, and 
some agglomerates, and mostly are porous in nature. The size of ash particles varies from 
few to several microns. Similar values were also reported in the previous studies [36,37]. 
SEM analysis of raw sample (Fig. 3.6(a)) depicts the large cenospheres which are mixed 
with aggregates of particles. The pores are clearer and randomly located at the surface. 
Some pores of macro range can also be seen.  After chemical treatment with the acid 
mixtures most of the metallic constituents are removed from the external surface and are 
at lower concentration inside the cenospheres. These observations are consistent with the 
tabulated data obtained from EDX spot analysis (Table4.3). An increase in oxygen 
content is due to oxidation of OFA while the percentage of sulfur is very low and all 
other minerals are removed. Presence of sulfur in the acid treated sample shows bonding 
with carbon inside the cenospheres.  Some broken fly ash particles can also be seen due 
to the strong attack of concentrated mixture of acids. Physical activation has a significant 
influence on the porosity development and all the particles contain micro- and mesopores 
(Fig.3.6(c)). Similar results were obtained for AC prepared from coal fly 
ash[37,38].Functionalizing the selected sample with NH4OH blocks some of the 
micropores and produces more mesopores as shown in the fig. 3.6(d) while the action of 
HNO3 broke the activated carbon particles (Fig.3.6(d)) and severely affect the porosity as 
can also be seen from Table 4.2.   
Spot analysis of selected sample was done to determine the percentage of carbon, oxygen 
and sulfur. Oxygen to carbon ratio shows the degree of oxidation after each activation 
process (Table 4.3). It is evident that the percentage of sulfur depends on the degree of 
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oxidation as oxygen replaces sulfur on the surface of OFA [39]. On the other hand, 
physical activation with CO2at high temperature decreases oxygen to carbon ratio since 
all functional groups will leave the surface at high activation temperature. Subsequent 
surface modification of selected sample #4 with either NH4OH or HNO3 shows different 
behavior against each functionalizing agent as shown in the Table 4.3.  
The heating of ACacid-CO2 with ammonium hydroxide increases the basicity of activated 
carbon by introducing nitrogen containing groups to carbon surface. In addition, post 
treatment of ACacid-CO2 with HNO3 leads to oxidation of carbon at the surface. The 
decrease in O/C ratio in ACacid-CO2-NH4OHin comparison with ACacid-CO2 supports this fact. 
Post treatment of ACacid-CO2 with HNO3leads to oxidation of carbon at the surface. This is 
confirmed by the increase of O/C ratio from 0.035 to 0.188as shown in Table 4.3. FTIR 
studies were performed to confirm the nitrogen and acidic containing functional groups 
on the surface of ACacid-CO2-NH4OHand ACacid-CO2-HNO3, respectively. Due to the intense 
oxidation conditions during HNO3functionalization, the material has experienced a higher 
weight loss as compared to treatment of ACacid-CO2 with ammonium hydroxide. 
4.3.3 FTIR Analysis  
FTIR analysis was performed to determine the type of functional groups and their 





and the percentage of transmission was examined (Fig.3.5). A  broad  band  appears  
between  3100-3550cm
-1
  for  raw  OFA  with  a minimum  at  3430cm
-1
. This is due to 
stretching vibration of free and associated hydroxyl groups (-OH) on the virgin ash. In 






 may be due to 
conjugated hydrocarbon bonded carbonyl (C=O) group  stretching and C-O stretching, 
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respectively[40]. It is shown that broad peak centered at 3430cm
-1
remains even after acid 
treatment of fly ash (i.e. Fig. 2.5(b)) and subsequent CO2 activation of acid treated fly ash 





correspond to carbonyl (C=O) and C=C group stretching respectively. The peak at 
1115cm
-1
 in Fig.3.5(a) shifts to 1230cm
-1
 after acid treatment (Fig.3.5 (b)) due to aryl 
association and can be assigned to C–OH stretching vibrations[41]. Two Consecutive 
small peaks in Fig.3.5(c) at 2924cm
-1
 and 2854 cm
-1
 correspond to asymmetric and 
symmetric C-H stretching in aliphatic compounds, respectively. The peak at 1230cm
-1
 for 
AC-acid shifts back to low wavenumber at 1115cm
-1
in ACacid-CO2. But this new peak in 
ACacid-CO2 has less intensity than the same peak in raw ash. This may be attributed to 
alkyl substituted C-O stretch. The existence of these groups is likely due to the reaction 
of CO2 with carbon structure. Further activation of ACacid-CO2 with either HNO3 or 
ammonium hydroxide produces different FTIR spectrum as shown in the Fig.3.5(d) and 
4(e), respectively. Oxidation of ACacid-CO2with nitric acid leads to the disappearance of 
the peaks at wavenumbers higher than 2000cm
-1
.A broad band at 1580cm
-1
 in the ACacid-
CO2-HNO3 is assigned to stretching of aromatic ring coupled to highly conjugated carbonyl 




 in ACacid-CO2-HNO3cannot be 
assigned to a single group due to superimposed overlapping of bands. Some researchers‘ 
assigns this wide band as C-O stretching vibrations in ether and phenolic structures 
present in different structural environments [42–44].On the other hand, ammonium 







, and 1100 cm
-1
 as shown in Fig.3.5(e). These peaks can be assigned to amine (–
NH–) stretching, –C≡N, –NH– bending vibrations and C-N stretching vibrations, 
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respectively [45–48]. Yofa et al reported similar results for AC prepared from rice straw 
[49]. Therefore, the FTIR results support and explain the previous findings on O/C ratio 
due to HNO3 and NH4OH treatments.    
4.3.4 H2S Breakthrough measurements of adsorption bed packed with 
activated OFA 
Small pore size, large surface area and basic surface functional groups play an important 
role in the adsorption of acidic gas molecules[50]. Figures 4.4-4.6 show the breakthrough 
curves of columns packed with different AC adsorbents. The adsorbents were produced 
through different physicochemical activations and surface modifications of OFA. 
Breakthrough times and equilibrium capacities of raw and activated OFA samples were 
calculated and the results are given in Table 3.4. OFA activated with the mixture of three 
acids and raw OFA show approximately the same (very short) breakthrough times (Table 
4.4), but the adsorption and desorption curves are quite different from each other as 
shown in Fig.4.4. It is expected that H2S is strongly attached to raw OFA surface due to 
the strong host/guest attractions in the presence of mineral matter. However, after acid 
treatment of raw OFA sample, the surface is oxidized through formation of acidic 
carbonyl functional groups. The oxidized surface would likely give a rise to repulsive 
surface forces relative to H2S. Hence, the tendency of the adsorption–desorption process 





Figure 4-3: Adsorption-Desorption breakthrough curves for Raw OFA and after Acid treatment (Pressure = 1atm, 
Temperature = 22°C, Relative Humidity = 20%, Flow rate = 0.4L/min). 
 
The H2S breakthrough test with ACacid-CO2 shows that the adsorbed amount of H2S has 
increased (Fig.4.5).The same figure also shows desorption curve. The desorbed amount 
can be viewed as physically attached to the surface of OFA during the adsorption step, 
while retained amount can be considered as chemically adsorbed. According to BET 
analysis shown in the previous section, the surface area, micro pore volume and total 
basicity increases and all acid groups vanished at higher temperature during 
CO2activation. The decrease in the desorbed amount can be explained on the basis of 
Micro Pore filling theory. The theory which states that pores of smaller diameter will 
adsorb more solute at lower concentration because of higher adsorption potential exerted 








Figure 4-4: Adsorption-Desorption breakthrough curves after physic-chemical treatment of OFA (Pressure = 
1atm, Temperature = 22°C, Relative Humidity = 20%, Flow rate = 0.4L/min) 
 
 















Raw OFA 0.0231 0.0192 83.41 6 
ACacid 0.0088 0.0036 40.96 8 
ACacid-CO2 0.2966 0.2639 89.00 770 
ACacid-CO2-NH4OH 0.3001 0.2594 86.43 450 





Figure 4.6 shows the H2S breakthrough results for NH4OH and HNO3 treated ACacid-CO2 
samples. Ammonium hydroxide treatment of previously developed activated carbon i.e. 
ACacid-CO2 gives almost the same result asACacid-CO2, although the surface area is reduced 
for ACacid-CO2-NH4OHsample. This can be attributed to the nitrogen functionalities attached 
to the surface of carbon. As compared to NH4OH treatment, HNO3 treatment again 
increases the oxidation of the surface, which in turn reduces the equilibrium capacity of 
H2S. More acidic surface of adsorbent inhibits the dissociation of H2S, hence decreases 
the concentration of hydrogen sulfide ions. Low concentration of these ions promotes the 
formation of high-valent sulfur compounds like SO2 and sulfuric acid which leads to low 
H2S removal capacity. On the other hand, adsorbent surface with pH in the basic range 
favors the dissociation of H2S to hydrogen sulfide ions, i.e., HS
–
. These ions are oxidized 
to form sulfur polymers having ring or chain like shape yielding higher H2S removal 
capacities[51–54]. 
Regeneration efficiency was calculated for different AC samples using equation 4.2 and 
the results are given in Table 4.4. It is essential to effectively regenerate loaded adsorbent 
in industrial applications (such as pressure swing adsorption) for economic feasibility of 
the process. Regeneration efficiency is an indicator of reusability of any sorbent. Table 
4.4 shows that regeneration efficiency of raw OFA sample is ~83%. Both the equilibrium 
capacity and regeneration efficiency of ACacid are the lowest compared to all other 
samples. The reason behind this observation is already mentioned that this sample 
possess repulsive functional groups on its surface. However, activation of this sample by 
CO2 at high temperature increases both the capacity and regeneration efficiency, which 




Figure 4-5: Breakthrough curves of physic-chemically treated OFA after functionalizing with HNO3 and 
NH4OH (Pressure = 1atm, Temperature = 22°C, Relative Humidity = 20%, Flow rate = 0.4L/min) 
4.4 Conclusions 
Due to low cost and large amount of unburned carbon, OFA may become an attractive 
choice for the removal of H2S from natural gas. Physicochemical treatments not only 
remove the mineral matter from ash but also result in a product with very high surface 
area. BET analysis shows an increase in the surface area from few square meters per 
gram to 375m
2
/g. SEM images showed more micro-pores, well developed particle size 
and porous structure due to activation with CO2at high temperature. It is demonstrated 
that proper combination of surface porosity and functional groups can lead to a suitable 
adsorbent for H2Sremoval. Amine treatment after CO2 activation leads to the formation 
of nitrogen functionalities on the carbon surface at the expense of reducing the surface 
area. The results are confirmed by FTIR and BET analyses. On the other hand, HNO3 
functionalization of high surface area activated carbon has an adverse effect. The 
equilibrium capacity is reduced from 0.2966 mg/g to 0.1035 mg/g. The results indicate 
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that the presence of more acidic functionalities on the surface reduces the H2S adsorption 
efficiency from the gas mixture. Regeneration efficiency of the samples show that acid 
treatment followed by CO2 activation at high temperature give the best option for 
removal of H2S for OFA. Finally, physicochemical activation of waste OFA sample can 
convert a waste product to valuable adsorbent and also can solve waste disposal problem. 
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5 CHAPTER 5 
Adsorption of H2S onto activated oil fly ash: Kinetics and 
Modeling 





Hydrogen sulfide (H2S) is an airborne pollutant causing both acute and chronic health 
problems depending on exposure time and toxicant concentration [1,2]. At low 
concentration around 10-20ppm (parts per million) starts eye-irritation and goes to 
respiratory paralysis above 300ppm level. Five minute exposure to 500-1000ppmv 
concentration might lead to a death [3,4]. Apart from its toxicity to human, it can also be 
harmful for catalyst even at 1ppm concentration[5,6]. Getting rid of H2S from air and 
industrial stream is beneficial for both life and industry. 
Various H2S abatement technologies have been practiced industrially to meet the strict 
environment regulations of toxic gas emission. These methods include absorption using 
alkanolamines solutions [7,8], oxidation of H2S to sulfur by Claus Process [9,10], 
biological oxidation to sulfuric acid [11] and adsorption using carbonaceous or metal 
adsorbent [12]. All these methods have their own benefits and limitations which make 
them suitable for specific applications. Among these techniques, adsorption is preferred 
for treating gas streams that have lower concentration of H2S [13,14]. Activated carbon is 
widely used as an adsorbent due to its low cost, high surface area and porous structure. In 
order to make the adsorption process economically feasible, the precursor of activated 
carbon should be of such materials that are either abundant in nature or produced as 
waste or by-product in industries[15,16]. Fly ash derived activated carbon represents a 
promising option for H2S capture to existing specialized activated materials and 
molecular sieves that tend to be costly and hamper the viability of H2S sorption on a big 
scale. Huge amount of fly ash has been released from utility industries every year but 
only 30% is being utilized of total amount (700million per year) generated worldwide 
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[17]. In US, out of 150million ton fly ash per year only 27% is reused in different 
application while remaining is disposed of as landfill or surface impounded[18]. 
Depending upon the fuel (i.e. solid or liquid) being burned, the constituents of fly ash 
vary considerably, but all the fly ash comprises of unburned carbon with some inorganic 
oxides like Aluminum oxide (Al2O3), Silicon dioxide (SiO2) and traces of heavy metals.  
Exploiting the use of fly ash as a precursor of activated carbon is advantageous due to its 
cheap source, availability, and one step activation procedure as compared to conventional 
production of activated carbon by two step activation. 
Several studies have been reported on the utilization of fly ash for the adsorption of 
individual toxicant in an aqueous solution or from flue gas. Salvatro Andidi et al were 
used oil fly ash to adsorbed 2-chlorophenol (CP), 2-chloroaniline (CA) and methylene 
blue (MB) from aqueous solutions. Adsorption was highest for 2-chlorophenol (CP) and 
quite low for other two organics [19]. Bada et al. investigated the adsorption capabilities 
of chemically treated and heat treated fly ash samples. They used Hydrochloric acid for 
chemical treatment and found relatively higher specific surface area as compared to heat 
treated fly ash. This increased surface area was achieved due to the corrosion of the outer 
layer of the fly ash to ash to disintegrate its stable glassy layer[20]. Md. Azhar Uddin et 
al. prepared an activated carbon for adsorption applications by the pyrolysis of mixture of 
fly ash with road paving asphalt dissolved in kerosene at 650
o
C in N2 atmosphere. They 
showed macropore diameter of the sample increased by an asphalt ratio[21]. A Al-
shawabkeh et al. prepared Calcium hydroxide treated fly ash adsorbent and tested it for 
SO2 adsorption. SO2 was chemically adsorbed and showed first order kinetics[22]. 
Bagreeve et al studied the NaOH modified activated carbon for the adsorption of H2S and 
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concluded that adsorption capacity was increased with loading of NaOH and insensitive 
to pore structure and surface area [23]. Prezeprioski et al also reported a significant 
improvement in adsorption capacity of H2S after treating activated carbon with K2CO3 
[24]. It is concluded that the presence of alkali metals on the activated carbon surface 
helps to dissociate the H2S molecule and hence increases the uptake capacity. From the 
literature, it is revealed that not only the porosity but also the surface chemistry is 
important to enhance the adsorption capacity of AC. Higher surface area and very fine 
micropores exerts strong interactions between adsorbate gas molecules and carbon 
structure and results physical adsorption but on the other hand the presence of OH 
functional group or the cations dissociates the H2S and promote chemisorption[1]. 
The present study aimed at equilibrium and column breakthrough study of H2S 
adsorption on a packed with alkaline treated activated carbon derived from oil fly ash.  
The effects of operating variables like temperature, influent concentration of H2S, and the 
flow rate of gas stream and inlet pressure have been investigated. Different isotherm 
models like Langmuir, Freundlich, Sips and dual site Langmuir (DSL) models were 
tested to fit the experimental adsorption data. Yoon-Nelson model, Thomas model and 
Clark model were fitted with experimental data. 
5.2 Materials and Methods 
5.2.1 Materials 
A sample of raw oil fly ash (OFA) was received from the Rabigh (RB) power plant 
located in Saudi Arabia. The raw ash was dried overnight at 110°C in the oven to remove 
moisture content, sieved to 45µm mesh, and stored in closed containers for later use. 
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Elemental composition of raw material is given in Table 5.1 showing higher percentage 
of carbon exists in the sample. Nitric and orthophosphoric acids were of analytical grades 
supplied by Panreac Company, Spain. 2M Potassium hydroxide (Provided by Merck 
Chemical Company, Germany) solution was prepared by dissolving an appropriate 
amount in deionized water in one liter volumetric flask. Synthetic natural gas containing 
50 and 100 ppm H2S in methane was supplied by Saudi Gas Company. All glass wares 
were of Pyrex, washed with distilled water and dried in an oven at 105°C. 
5.2.2 Preparation of activated OFA and Surface modification with aqueous 
KOH 
In a typical run, a sample of 10g OFA powder was treated with 200ml of an acid mixture 
in a round-bottom flask at 115°C for four hours under total reflux condition. An acid 
mixture comprises of 20% HNO3 and 80% H3PO4. Then activated sample was filtered to 
obtain the solid residue. The residue was rinsed repeatedly with distilled water to wash 
out the acid contents until the pH of spent acid reached 5. Finally, the solid residue was 
dried in an oven at 110°C for 5 hours. The elemental composition of activated carbon 
determined by Energy Dispersive Spectrometer (EDX) is given in table 4.1. Initially the 
raw sample contains mainly unburned carbon and other mineral oxides with traces of 
heavy metals. Interaction of acid mixture with ash results in several nitrification and 
phosphate reactions and practically leaches out almost all inorganic oxides from the ash 
while some organically bounded sulfur left in the carbon structure. This is due to the fact 
that nitric acid can only mildly attack organic sulfur than pyrite and sulfate form of sulfur 
in the fly ash [25–28].  For alkali functionalization of activated carbon, 5g of dried oil fly 
ash activated carbon was mixed with 50ml of 2M KOH solution in a round-bottom flask 
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and heated at 100°C for 4 hours at total reflux. Then, the mixture was cooled, filtered and 
washed with 500 ml water. Filter cake was dried in an oven at 110°C and saved in a 
closed cap bottle for further characterization and adsorption tests. 
 
Table 5–1: Elemental Composition of raw and acid treated oil fly ash 
Element C S O Al Mg Ca V Ni Cu Zn Si Fe 
Raw OFA 
(%) 
77.40 7.10 9.32 0.25 1.41 0.23 1.29 0.68 1.70 0.40 0.08 0.14 
F-AC 88.05 1.39 10.56 All in negligible percentage 
* OFA = oil Fly ash, FA-AC = Fly ash Activated Carbon after acid treatment  
5.2.3 Analysis and Characterization of OFA 
5.2.3.1 BET (Brunauer–Emmett–Teller) Surface area analysis 
Explained in Section 4..2.4.1 
5.2.3.2 FTIR measurement 
Explained in section 4.2.4.3 
5.2.3.3 X-ray diffraction spectrometry (XRD) 
The phase identification of the fly ash sample which is in a powdery form, were 
determined by the X-ray diffractometry using a Phillips PW 1830 diffractometer with a 
copper anode. It was operated at 40 kV and 40 mA for 1 h from 0° to 80° over the range 




5.2.3.4 Energy dispersive X-ray (EDX) analysis 
Explained in Section 3.2.4.2 
5.2.4 H2S Adsorption capacity tests 
Procedure is explained in section 4.2.5 
5.3 Results and Discussion 
5.3.1 Porosimetric Characteristics 
The porosimetric features of raw oil fly ash and its derived substances are presented in 
the table 5.2. The precursor material has small BET surface area and negligible micro-
pore volume. Acid treatment induces porosity to ash by removing inorganic matter cotton 
from the surface and produces a porous carbon. The BET surface area increases to 
61.54m
2
/g from its initial value of 2.75m
2
/g. By functionalizing the activated carbon with 
aqueous KOH reduces the micro pore volume and hence surface area. This is due to 
possible action of KOH in the inner pores of carbon. 
The BJH pore size distribution (Fig. 5.1) of FA-ACKOH shows that mesopore accounts for 
91%of the pore area and 4.7% is the only micro pore area and remaining is the macro 
pore. While in the acid activated fly ash mesopores accounts for almost same percentage 
(i.e. 90.4%) of the pore area and remaining 8% and 1.5% are contributed by micropores 
and macropores respectively. This pore area distribution depicts the heterogeneity of the 
surface and we characterize it as meso porous adsorbent as can also be seen from Fig.5.1. 
The hysteresis (Fig. 5.2) in both FA-AC and FA-ACKOH is same which also confirms that 
the mesoporous area in FA-ACKOH is almost same as its precursor.  Although the FA-AC 
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has more surface area than FA-ACKOH but the surface modification with alkali treatment 
increases its adsorption capacity several times as can be seen in the subsequent sections.  
 
Table 5–2: Porosity Characteristics of raw and activated ash sample 
Porosity Characteristics Raw OFA FA-AC FA-ACKOH 
BET Area (m
2
/g) 2.75 61.54 35.24 
Langmuir surface area (m
2
/g) 4.4 105.79 58.35 
t-plot micropore volume (cm
3
/g) 8.60E-05 0.0031 0.0022 
Average BJH Adsorption Pore size (4V/A), A° 280 70 115 
Average BJH Desorption Pore size (4V/A), A° 190 53 72 
 
 




































Figure 5-2: BET isotherm plot of activated fly ash carbon at different stages. 
5.3.2 Fourier transforms infrared spectroscopy (FTIR) 
FTIR spectrums of different ash samples are shown in the Figure 5.3. A  broad  band  
appears  between  3100-3550cm
-1
  for  raw  fly  ash  with  minimum  at  3400cm-
1
 . This 
is due to stretching vibration of free and associated hydroxyl groups (-OH) on the virgin 
ash[29]. This stretching is because of both adsorbed water (3400cm-
1
) and silanol group 
(Si-OH) on the surface. Two peaks can be observed in the raw ash at 2924cm
-1
 and 2854 
cm
-1
 correspond to C-H sp
3
 stretching in aliphatic acid and O-H vibration in the molecule 









indicative of C=C stretching CO2
-1
 symmetrical stretching and C-O stretching 
respectively. Comparing to raw material, acid treatment of fly ash introduces oxygenated 
acidic surface groups mainly include phenolic hydroxyl, carboxylic and Lactones [32]. 
































group is attached to the surface as indicated by corresponding peak at 3435cm
-1
. Peak at 
1630cm-
1
 is due to C=O double bond stretching vibrations of aromatic carbon[33,34].   
After H2S is being adsorbed on the KOH treated activated carbon a strong band emerges 
at 3435cm
-1
 which is accounted for dissociative adsorption of H2S. This increase in 
intensity is due to contribution of -OH stretching of -SO-OH group. -SH group can be 
assigned to peak appears at 1620cm
-1
[35–37]. Comparison of FTIR spectrum shows that 
the H2S adsorption is more effective due to presence of hydroxyl groups. 
 
Figure 5-3: FTIR spectrum of raw (a), acid activated ash (b), KOH activated before adsorption (c) and KOH 
























5.3.3 X-ray diffraction spectrometry (XRD) 
X-Ray diffraction spectroscopy (XRD) was used to analyze the ash at various stages of 
its use as shown in figure 4. Figure 5.4(a) shows that the dominant element of raw oily 
fly ash as compared to other materials is the carbon as indicated by broad peak at 25° 2θ 
[38,39]. Other materials in the raw OFA includes Mullite (Alumiosilicate), Zeolite, 
Quartz, Faujasite and Cancrinite. Small peaks at 11°,16°, 18° 2θ can be assigned to 
zeolite X, P and NA .A distinct peak oat 22°
 2θ is because of quartz presence in the fly 
ash. Also the three peaks between 27° to 38°
 2θ shows the presence of Faujasite, 
Cancrinite and Mullite phases. Furthermore a wide peak at 43°2θ shows a Sodalite 
followed by small peak of quartz at 76°
 2θ[25,40,41]. Treatment of as received ash with 
mixture of acids wash out almost all the minerals as most of small peaks have not been 
exists further as shown in Fig 5.4(b). The intensity of the carbon peak at 25° 2θ is 
increased to 185% as compared to raw oil fly ash. The broadening of the carbon peak 
after acid activation of raw ash reflects the predominance of amorphous and porous 
nature of activated carbon[42]. With the KOH functionalization of activated carbon, an 
XRD pattern remains same except around 50% decrease in peak intensity before and after 
KOH treatment. This shows some surface coverage of porous carbon with alkali and 
hence decreases the surface area [43]. Comparing the peak before and after H2S 
adsorption reveals that both differactograms trace out the same path except a clear sharp 
peak at 2θ = 21.5°. This indicates the possibility of formation of new substance i.e. 

















 KOH treated (after Adsorption)
 KOH treated AC
 Acid acitivated ash
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Figure 5-4: XRD Diffractrograms of Raw and treated ash 
5.3.4 Adsorption Thermodynamics 
The adsorption equilibrium data were used to extract the thermodynamic parameters for 
the adsorption process such as Gibbs free energy change (∆G*), enthalpy change (∆H*), 
and entropy change (∆S*) by the following equations (Ghosh & Bhattacharyya, 2002): 








     
 
  
         (5.1) 
                                      (5.2) 
Where ∆H*, ∆S*, and ∆G* are the enthalpy, entropy and Gibbs free change for the 
adsorption process respectively. Gibbs free energy change is the fundamental criterion of 
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the process spontaneity. The values of these parameters were calculated using equation 
5.1 and 5.2 and recorded in Table 5.3. 
Table 5–3: Adsorption thermodynamic parameters for H2S adsorption onto activated OFA 
Temperature 
(K) 







The negative value of ∆H* (-3.51kJ/mol) indicates the sorption of H2S adsorption onto 
activated OFA is exothermic in nature whereas the negative values of ∆G* confirmed 
adsorption of H2S is a spontaneous process and the spontaneity increases with 
temperature. The positive entropy change (∆S*) indicates the affinity of the activated 







Figure 5-5: Determination of thermodynamic parameters adsorption of H2S on activated OFA 
5.3.5 Adsorption isotherms 
Adsorption equilibrium data were analyzed using well-known isotherm model such as; 
Freundlich, Langmuir, Sips and dual site Langmuir (DSL) model. Non-linear regression 
method was chosen to find the isotherm parameter as the linearization often causes 
erroneous data treatment (Chowdhury & Saha, 2011). Parameters for different models 
were adjusted using the non-linear least square method. In order evaluate the goodness of 
fit of each model; statistical parameters were used, such as coefficient of determination 
(R
2
), and residual sum of squares (RSS). Microsoft Excel
®
 Solver function was used to 
optimized the statistical parameters RSS using the following equation: 
   
2
i, exp i, model
1






Where n is the number of data points, qi,exp and qi,model are the experimental and 
theoretical values of adsorbed amount of H2S on OFA respectively. The correlation 
coefficient, R
2 
gives a measure of proportion of the variability attributed to the model. 
The standard error, RSS gives an indication of the precision of the experimental 
estimation. The model with the highest of R
2 
and the lowest of RSS value was chosen to 
be the best fitted equation.  Four different models used in this study are listed with their 
non-linear equation in Table 5.4. Figure 5.6 and Figure 5.7 represent the typical isotherm 
plot using different model used. The calculated capacity and model parameters are listed 
in Table 5.5. It indicates that the adsorption isotherms are best fitted by dual site 
Langmuir (DSL) model as seen from the plot and regression coefficient values. 
Freundlich model underestimates at lower concentrations and overestimates at higher 
concentrations whereas Langmuir and Sips models are opposite (overestimates at lower 










Table 5–4: Isotherm model used in non-linear form 
































 KS, S, aS 
Dual Site 
Langmuir (DSL) 
   
1 1 2 2
1 21 1
m e m e
e
e e
q K C q K C
q
K C K C
 
 
 qm1, K1, qm2, K2 
 
 
Figure 5-6: Fitting adsorption isotherm data for H2S by different models for adsorption at 1°C and 100 ppm 



























Figure 5-7: Fitting adsorption isotherm data for H2S at different temperature with dual site Langmuir (DSL) 
model for 100 ppm inlet concentration and 0.4L/min flow rate 
Figure 5.7 showed the experimental and DSL model fit for the adsorption runs at 
temperature range 1°C-30°C. It showed that the amount adsorbed on solid phase 
increases sharply up to a value close to 3.5-4.25 mg/g when the bed temperature in the 
range 1°C-30°C. The fitting of isotherms with DSL model proves that the interaction 
between H2S and activated OFA involved in dual site characteristics of OFA. It means 
that OFA has two sites with higher and lower affinity. The exit concentration from the 
column outlet remains zero until the first site is covered by adsorbed H2S. After the sharp 
increase in qe due to filling of higher affinity site, adsorption goes to increase slowly by 
filling the lower affinity sites until the column becomes saturated. Both the saturation 
capacities (qm1, qm2) and affinities (K1, K2) decrease with the increase in bed temperature 

























Table 5–5: Isotherm parameter for different temperature runs at flow rate 0.4 L/min 
Isotherm Parameters 1°C 10°C 20°C 30°C 
Freundlich 
KF 5.909 5.612 5.447 5.375 
1/n 0.099 0.095 0.100 0.108 
R2 0.881 0.891 0.884 0.899 
RSS 4.312 3.491 3.542 2.962 
Langmuir 
qm 4.563 4.360 4.184 4.047 
K 3893 4399 3876 3364 
R2 0.957 0.956 0.952 0.952 
RSS 1.541 1.421 1.469 1.405 
Sips 
Ks 79180 79026 78848 78697 
S 1.180 1.169 1.190 1.213 
as 17422 18188. 18928 19556 
R2 0.961 0.959 0.956 0.955 
RSS 1.398 1.323 1.351 1.337 
DSL 
qm1 4.310 4.089 3.913 3.716 
K1 4454 5137 4540 4103 
qm2 3.00 2.50 2.45 2.25 
K2 1.214 1.647 1.654 2.312 
R2 0.969 0.970 0.967 0.974 
RSS 1.115 0.920 0.979 0.728 
91 
 
5.3.6 Column Dynamics and Effect of Operating Conditions 
Adsorption models are used to predict breakthrough curves behavior and capacity of 
adsorption. Experimental data were fitted with Yoon-Nelson model, Thomas model and 
Clark model. 
Yoon-Nelson model 
Yoon-nelson model is a relatively simple model to predict breakthrough behavior of 
adsorbate vapor or gas on solid adsorbent. This model is based on the assumption that the 
rate of decrease in the probability of adsorption of adsorbate molecule is proportional to 
the probability of the adsorbate adsorption and the adsorbate breakthrough on the 










       
Where kYN is Yoon-Nelson rate constant (min
-1
),  is the time required for 50% adsorbate 
breakthrough time (min). 
Thomas Model 
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), qo is the maximum solid-phase 
concentration of adsorbate (mg g
-1
) and Q, the flow rate (mL min
-1
). Thomas model is 
one of the most general and widely used methods in column performance theory. It 
assumes Langmuir kinetics of adsorption–desorption without axial dispersion and the 
reaction kinetics obeys second-order reversible reaction.  
Clark Model 
In 1987 Clark defined a new model for breakthrough simulation which uses the 
Freundlich isotherm with linear driving force mass transfer concept. The model equation 













           
Where the constants A and r can be adjusted using the values of n determined from 
Freundlich model. For this study the value n was ~ 11 (calculated from isotherm 
modeling). Non-linear regression method was used to find the parameters of the different 
model. 
Figure 5.8 shows the breakthrough curve modeling with Yoon-Nelson, Thomas and Clark 
model for the adsorption run at 1°C and 100 ppm inlet H2S concentration and 0.4L/min 
flow rate. The fit quality (R
2
) values showed that Yoon-Nelson model fits the adsorption 
of H2S on activated OFA better than other model. Thomas model is more accurate at 
higher exit concentrations but not good at lower concentration whereas Clark model 
better at lower concentrations. Yoon-Nelson model was further used to explain the effect 




Figure 5-8: Breakthrough curve modeling with Yoon-Nelson, Thomas and Clark model for the adsorption run 
at 1°C and 100 ppm inlet H2S concentration and 0.4L/min flow rate. 
Effect of flow rate and concentration and inlet pressure 
Figure 5.9 and Figure 5.10 represent experimental breakthrough curve and Yoon-Nelson 
model fit for different flow rates and inlet concentrations. The experimental and 
calculated values are listed in Table 5.6. The values of the regression coefficients and 
percentages error on calculating  indicate that the predicted  are very similar to the 
experimental one. The experimental and predicted breakthrough curves very close to each 
almost entire breakthrough region. Increase in flow rates and inlet concentrations shift the 
breakthrough curve to the left. Decreasing flow rate from 0.4 L/min to 0.2 L/min results 
in causes the column breakthrough time to increase three times. The inlet concentration is 



























Figure 5-9: Comparison of the experimental and predicted breakthrough curves obtained at different flow rates 
according to the Yoon–Nelson model (temperature, 30°C; inlet conc., 100 ppm) 
 
Figure 5-10: Comparison of the experimental and predicted breakthrough curves obtained at two inlet 


































Co = 50 ppm expt
Co = 50 ppm model
Co = 100 ppm expt
Co = 100 ppm model
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Table 5–6: Yoon–Nelson model parameters (Effect of concentration and flow rate) 





theo (min) exp (min) R
2
 Error (%) 
100 0.2 0.1689 141.68 140.30 0.996 0.99 
100 0.4 0.1882 69.21 67.93 0.995 1.88 
100 0.6 0.3638 44.29 49.70 0.996 -10.89 
100 0.8 0.4313 35.23 35.01 0.998 0.63 
50 0.4 0.1527 74.06 72.73 0.991 1.83 
 
 























Table 5–7: Yoon–Nelson model parameters (Effect of Inlet pressure) 
 
Adsorption experiments were also conducted at different pressures (20 to 50 psi) to 
assess the effect of inlet pressure on the column breakthrough curve. The column 
breakthrough data were modeled using Yoon-Nelson model and it showed good 
agreement of data to fit the model as shown Figure 5.11. Yoon-Nelson model parameters 
are listed in Table 5.7. Pressure drop in column remains below 6% and the 50% 
breakthrough time increase from 76 to 89 min for 30 psi increase in pressure level. 
5.4 Conclusion 
This study suggests that a waste product (OFA) can be used a low cost adsorbent for 
removal of H2S from natural gas.  Physico-chemical treatment removes the undesired 
mineral matter from OFA and increase surface area which has boosted the adsorption 
capacity. H2S uptake capacity increases up to 8.5 mg/g. Finally, physico-chemical 
activation of waste OFA sample can convert a waste product to valuable adsorbent and 
also can solve waste disposal problem. Kinetic of H2S adsorption process follow pseudo 
first order model. Adsorption process is mainly physical (Ea40kJ/mol) and spontaneous 











theo (min) exp (min) R
2
 
20 4.17 0.4 0.342 76.34 76.15 0.997 
30 4.26 0.4 0.274 79.40 79.65 0.997 
40 5.15 0.4 0.186 86.61 85.75 0.996 
50 5.45 0.4 00.257 89.37 89.85 0.991 
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adsorption characteristics of activated OFA. The utilization of activated OFA as low cost 
adsorbent can be effective to natural gas sweetening process as well as to solve waste 
disposal problems arises from power generation plant.  
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6 CHAPTER 6 
Adsorption of H2S from Natural Gas using treated Oil Fly 
Ash 
 







Burning coal or oil at power production facilities produces a solid waste called fly ash. It 
comprises of silica, alumina, iron oxide and residual carbon. Some toxic elements like 
arsenic, cadmium, selenium, strontium, boron, chromium, cobalt and lead along with 
PAH (poly aromatic hydrocarbons) compounds and dioxins could also be present. These 
constituents vary in amount depending on the type of fuel and degree of combustion 
[1,2]. It is reported that 3 kg of ash are produced per 1000 L of fuel oil [3,4]. Tones of fly 
ash are being collected from power production facilities and are one of the major 
hazardous waste materials. 
Currently, the most common industrial waste management practice of OFA is the dry 
disposal method, i.e. land disposal. Indeed, an uncontrolled and inadequate management 
at dumping site may cause a dispersion of particulate matter which may have major 
negative impact on environment [5,6].  Because of its low bulk density (0.318/cm
3
) and 
fine particle size, it can travel long distances and may cast a danger to plants and animals 
in a variety of ways [7,8]. Although fly ash has received major attention as an 
environment pollutant but a close look reveals its multiple uses in various fields, and it 
may become a valuable resource. Nowadays, it mainly finds application as replacement 
of Portland cement, fillers in polymeric synthesis, asphalt and cementitious materials and 
in adsorption of various solutes from mixtures [9,10]. Because of carbonaceous contents 
and morphology of oil fly ash (OFA) has gained much attention as a low-cost adsorbent 
[11]. It is expected that with some chemical treatment, activated OFA can be utilized to 
remove toxic gases from gas mixture. Yaumi et al. modified OFA using ammonium 
hydroxide and studied the adsorption of CO2 under various flow conditions. They noticed 
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the increase in adsorption capacity with higher concentration of CO2 and flow rate [9]. 
Rubio and Izquierdo obtained promising results for SO2 removal using activated carbon 
produced from oil agglomerated fly ash [12]. Wang et al. used fly ash to synthesize 
zeolite adsorbent for the treatment of waste water containing cationic dyes [13]. Visa and 
Duta synthesized a substrate by hydrothermal processing of fly ash and TiO2 nano-
powder. They reported an efficient and simultaneous removal of surfactant and heavy 
metals in a single step process [14].  
The present study aims at increasing the surface area of raw OFA through 
physicochemical treatment. The produced treated OFA is used for the adsorption of H2S. 
The success of such physicochemical activation in H2S removal is expected to lead to the 
utilization of OFA as low cost activated carbon for removal of toxic gases such as H2S. 
Materials and Methods   
6.2 Raw-Material and Chemicals 
Raw OFA was received from the Shuaibah power plant located in Saudi Arabia. It was 
dried overnight at 110°C in the oven to remove moisture and then sieved to 45µm mesh. 
Elemental composition and porosity characterization of raw material are given in 
Table6.1. The high percentage of carbon in treated ash makes it a good precursor for 
preparation of activated carbon. Sieved sample was saved in a closed cap bottle for future 
use. 
The acid chemicals like nitric, phosphoric and sulfuric acid used in this study were of 
analytical grades and supplied by Panreac Company. CO2 gas of 99.999% purity and 
natural gas containing 100 ppm H2S were provided by Saudi Gas Company. All glass 
wares were of Pyrex, washed with demineralized water and dried in an oven at 105°C. 
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6.2.1 Activation of Oil Fly Ash (OFA) 
The activation process includes two steps: acid treatment followed by CO2 activation at 
higher temperature. A sample of 10 g OFA powder was treated with 200 ml of an acid 
mixture [comprises of 40 wt.% (16M) HNO3, 40 wt.% (18 M) H3PO4 and 20 wt.% (18 
M) H2SO4  in a round-bottom flask at 125°C for four hours under total reflux condition. 
The treated samples were filtered to get the solid residue. The residue was rinsed five 
times with distilled water to wash out the acid contents. Finally, the solid residue was 
dried in an oven for 5 hrs at 110°C. 
After acid treatment, the dried ash was further activated with CO2 at 990°C in a 
programmable Lindberg Blue M tube furnace. The furnace was programmed to increase 
the temperature at 50°C/min. Once the required temperature was achieved; a long 
horizontal column with ID of 1cm containing 6g sample was exposed to 990°C 
temperature for 1hr. The CO2 was injected with inlet pressure of 2 bars at a flow rate of 1 
L/min. After 1 hr of operation the furnace and CO2 supply was switched off and sample 
was left to cool down to room temperature. Then the products were kept in a desiccator 
for further characterization. Samples with various degrees of burn off were obtained 
depending on their temperature of activation. The degree of burn off α (wt. %), is 
calculated as follows; 
  
     
  
 
Where Mi is the initial mass of chemically treated fly ash and Mf is the final mass of the 
sample after CO2 activation. 
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Table 6–1: Elemental Composition and Porosimetric Characteristics of OFA 
Element Wt.% 
C      84.20 
 O     4.67 
S     6.20 
Mg     0.08 
Al     0.15 
Ca     0.10 
V     1.07 
Cu     1.46 
Ni     0.63 
Zn     1.14 
Fe     0.23 
Si     0.06 
BET Surface area (m
2
/g)                  2.03 
Pore Volume (cm
3
/g)                       0.028 
t-plot Micro pore Volume (cm
3
/g)      0 
Average Particle Size (4V/A) (°A)    260 
6.2.2 Characterization of treated OFA 
6.2.2.1 Surface area and Pore volume Determination 
As explained in section 4.2.4.1 
6.2.2.2 Surface Morphology 
Explained in section 4.2.4.2 
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6.2.2.3 FTIR (Fourier Transform Infra-red Spectroscopic) Analysis 
According to section 4.2.4.3. 
6.2.2.4 H2S Adsorption Experiment 
Described in detail in section 4.2.5 
6.3 Results and Discussion 
It is undoubtly accepted that adsorption capacity of a material largely depends on its 
porosimetric features. In general, the greater the specific surface area of an adsorbent the 
larger will be its uptake capacity [15, 16]. There are various reaction strategies that can 
be used to influence the porosity and to create some ordering of structure. In the 
following sections a detailed discussion on the pore development during physiochemical 
activation of OFA is given. 
6.3.1 Development of porosity after Physicochemical treatment 
Table 6.2 summarizes the variation in porosity at various stages of treatment of oil fly 
ash. Acid treatment of oil fly ash removes the most of the inorganic matter from the 
surface and inside of fly ash particles and produces micro and mesopores. Heating of ash 
with acid leached out most of the metals in the form of phosphates, sulfates and nitrates. 
Activation of ash with acid produces more mesopores than raw ash (see Fig. 6.1).Physical 
activation of fly ash with CO2 at three different temperatures affects the surface area. 
Increases in temperature have proportional relation with porosity. With increase in 
temperature the weight loss also increases from 16.6% to 55%. This is because of higher 
reactivity of CO2 with carbon at elevated temperature. At 330°C, reaction of CO2 
produces some micro pores as a result of which BET surface area increases. At 660°C, 
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both the meso porosity and micro porosity increase and surface area increases to above 
100 m
2
/g. Activation of acid treated ash at 990°C increases the micro and meso porosity 
as compared to lower temperatures. At higher temperature, removal of carbon atom first 
generates the micropores and pore enlarging with time produces more mesopores with the 
overall increase in surface area. Due to high porosity of treated OFA activated at 990°C, 
it was suggested to use it for break through experiments. 
















OFA-acid 5.05 53.6 0.055 108 
OFA-acid-CO2 
(*330°C) 
15.65 16.6 0.063 101 
OFA-acid-CO2 (660°C) 119.76 29.3 0.095 70 
OFA-acid-CO2 (990°C) 375.06 55 0.3 49 
*Bracketed number shows the temperature of activation of ‗OFA-acid‘ during CO2 activation 
 
 
Figure 6-1: Pore Size Distribution of Raw and Treated OFA 
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6.3.2 FTIR (Fourier Transform infra-red) Spectroscopy 
FTIR spectrums of the different ash samples are shown in Figure 6.2. A  broad  band  
appears  between  3100-3550 cm
-1
  for  raw  fly  ash  with  a minimum  at  3400 cm
-1
 . 
This is due to stretching vibration of free and associated hydroxyl groups (-OH) on the 
virgin ash. Two peaks  (1625 cm
-1
 and 1115 cm
-1
) between 1100-1650 cm
-1
 are indicative 
of C=C symmetrical stretching and C-O stretching, respectively. The acid treatment of 
OFA has introduced oxygenated acidic surface groups which mainly include phenolic 
hydroxyl, carboxylic and lactones. A broad peak at 3400 cm
-1
 corresponds to OH 
functional group. Acid treatment has produced new peaks at 1715 cm
-1
 and 1605 cm
-1
 
that represent the presence of C=O stretching of carboxylic acid and C=C stretching 
vibrations. A broad peak at 1230 cm
-1
 corresponds to C-O stretching vibrations was also 
observed. 


























6.3.3 SEM (Scanning Electron Microscopy) Analysis 
SEM analysis shows that fly ash particles are of spherical shapes. The porous texture can 
be seen in Fig.6.3 (a) where the pores of raw OFA range from few microns to larger 
pores. After acid treatment the fly ash surface is clearer and most of the pores are now in 
the range of macropores as shown in Fig.6.3 (b). All the foreign material has been 
removed by the acid. When the acid treated ash was subjected to CO2 activation, more 
micro pores are produced and the surface area has increased (see Fig.6.3(c)).  
 
(a) Raw OFA      (b)OFA-acid      (c) OFA-acid-CO2 (900°C) 
 
6.3.4 Breakthrough curves for H2S removal  
Figures 6.4-6.6 show the behavior of raw and treated OFA. Adsorption capacity of ash 
has increased after acid treatment. But the adsorption capacity of acid treated ash is far 
less than the adsorption capacity of acid-CO2 treated OFA. This is mainly due to two 
reasons. Firstly, the large number of micropores which were produced with CO2 
activation. Secondly, and the exposure of OFA-acid to high temperature under CO2 
atmosphere removes the acidic functional groups from the surface of ash and hence 
makes it more favorable for the adsorption of acidic gas. The wider gap between 
adsorption and desorption curves represents the chemisorption. Different models were 
Figure 6-3: SEM images of raw and activated ash 
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also being tested to fit the experimental data as shown in Table 6.3. BET isotherm data is 
found to be more accurate which suggests multilayer adsorption of H2S on the surface of 
activated ash. 












 Raw OFA adsorption




Figure 6-4: Breakthrough curve for raw and acid treated OFA 
 





















Figure 6-6: Modeling parameters of OFA-acid-CO2(990). 
 
Table 6–3: Regression parameters of OFA-acid-CO2(990). 
Langmuir Isotherm 
Parameters 





BET Isotherm Parameters 






Oil fly ash (OFA) is chemically treated using different acid mixtures as oxidizing agents 
followed by either steam or CO2 activation. The oven temperature is maintained at three 
different temperatures namely 330, 660, and 990
o
C. Characterization for surface area, 
pore size distribution and morphology is performed. The treatment with 40 wt.% (16M) 
HNO3, 40 wt.% (18 M) H3PO4 and 20 wt.% (18 M) H2SO4 followed by CO2 activation at 
990 
o
C resulted in the highest surface area of 375 m
2
/g. SEM images have shown more 
micro-pores and well developed particle size and porous structure resulting from steam 









































gas, obtained at ambient conditions and a flow rate of 0.4 L/min, is found to be 4.9 mg/g. 
Chemisorption of H2S on the surface is suggested by the sorption kinetics. The sorption 
isotherm shows a multilayer adsorption which fits BET equation. 
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7 CHAPTER 7 
Adsorption of Dyes on a waste oil fly ash based adsorbent 
from single and binary component aqueous Solution 
(This paper is under preparation)  
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7.1 Introduction  
Dye-bearing wastewater releases to aquatic biota from various industrial sources 
including textile, dye manufacturing, distillery, pharmaceutical, food, leather, cosmetics 
and paper industries. 7x 10
5 
tones of dyes and pigments are produced each year and out of 
which 2% are directly discharged during manufacturing process and 10% are lost in 
dyeing operations[1]–[3]. Colored waste water poses a serious threat to aquatic living 
species by inhibiting light penetration and photosynthesis process and also blemishes the 
aesthetics of the environment. Being toxic in nature, dyes are also carcinogenic, 
mutagenic and can cause skin allergy to human beings[4], [5]. High volume of aqueous 
effluent discharged from various industries and stringent standards levied by government 
agencies calls for proper removal of dyes from the waste streams to the acceptable 
level[6]. Primarily, the constituting element of all the synthetic dyes are the complex 
aromatic and heterocyclic structure which render them as physio-chemically and 
thermally stable entity because of this structural stability , it is difficult to biodegrade[7].  
These are various chemical, physical and biological methods to treat the dye-laden waste 
water. These include oxidative methods by either Fenton reagent (H2O2 – Fe(II) salt) or 
by ozone but both have some limitation due to the formation of sludge in oxidation with 
Fenton‘s reagent and short half-life of ozone in ozonation method . Degradation of dye 
molecules either photo chemically or by NaOCl and using cucurbituril have their own 
limitations and benefits[8]. On the other hand, biological degradation of dyes is a slow 
process which needs a favorable environment with proper maintenance and nutritional 
value[9], [10]. Physical treatment processes include membrane filtration[11], ion 
exchange[12] and numerous solid adsorbents. Among all the methods, adsorption with 
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re-generable sorbent is most attractive if the source of adsorbent is cheap and material is 
available abundantly. Large variety of solid adsorbents, ranging from clay minerals, 
agricultural waste, wood chips, peat, fly ash to industrial by-products, have been tested to 
check their efficiency for the treatment of dye-containing aqueous streams as shown in 
the table 7.1. 
Table 7–1: Adsorbents used for the treatment of dye-containing aqueous solutions 
Dye Stuff Type of Adsorbent Capacity (mg/g) Reference 
Basic blue 3 
Basic yellow 21  


















Orange-G Baggase Fly ash 0.018 [7] 
Methylene Blue Coal Fly ash 15 [16] 
Basic Blue  







Acid Blue 13 






It is concluded that the adsorption may be adopted as treatment process in industry for the 
dye removal and could be viable option if the source of adsorbent is cheap like oil fly ash. 
Huge amount of fly ash has been released from utility industries every year but only 30% 
is being utilized of total amount (700million per year) generated worldwide [19]. In US 
out of 150million ton fly ash per year only 27% is reused in different application while 
remaining is disposed of as landfill or surface impounded[20]. Depending upon the fuel 
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(i.e. solid or liquid) being burned, the constituents of fly ash vary considerably, but all the 
fly ash comprises of Aluminum oxide (Al2O3) and Silicon dioxide (SiO2) with the traces 
of heavy metals.  Exploiting the use of fly ash as a precursor of activated carbon is 
advantageous due to its cheap source, availability, and one step activation procedure as 
compared to conventional production of activated carbon by two step activation. 
The objective of this work is to study the simultaneous removal of combination of 
different combinations of Methylene blue, Methyl orange and Rhodamine 6G from 
synthetic aqueous solution using amine treated fly ash. The study includes the effect of 
concentration of one dye on the removal of competing dye in the binary solution. Effect 
of pH was aslo examined. Kinetic data were collected by running different combination 
of dyes at different temperatures. 
7.2 Experimental 
7.2.1 Materials  
The Methylene Blue (molecular formula: C16H18CINSxH20, MW: 319.85 g/mol, Dye 
content: 82%, λmax = 660nm) and Methyl orange (Molecular formula: C14H14N3NaO3S, 
MW: 327.34g/mol, λmax = 460nm) were provided by LOBA Chemie and BDH Chemicals 
respectively and were used without prior purification. The Rhodium 6G (Molecular formula: 
C28H31N2O3Cl, MW: 479.01 g/mol, Dye content: 95%, λmax = 523.5nm) from by Sigma Aldrich. 
Analytical grades Nitric and Phosphoric acids were delivered by Panearac Company, 
Spain. Ammonia solution (32% w/w) of density 0.9g/cm
3
 was obtained from Scharlau 
Company, Spain. A separate stock solution of 500ppm of each dye was prepared by 
dissolving appropriate amount of dyes in double distilled water. Working concentrations 
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had been prepared by successive dilutions of stock solution. The oil fly ash used in the 
experiments was obtained from Rabigh power plant located in Jeddah, Saudi Arabia. All 
the glassware were washed with distilled water and dried in an oven at 105
o
C before use. 
7.2.2 Preparation of an Adsorbent 
First of all, the received fly ash was sieved through BSS Taylor Sieve of 45-mesh and 
collect the under size ash. 15 g of ash was treated with 300mL of acidic solution 
(comprises of 10%HNO3, 40% H3PO4, 50% water) in a round bottom flask and boiled 
under total reflux conditions for 4hrs. Then activated ash was filtered and the filter cake 
was washed with distilled water three times to remove the acid contents from the filter 
cake. The filter cake was put into the oven and dried at 105⁰C. After getting enough 
amount of acid treated fly ash by repeated experiments, 80g of acid activated fly ash was 
mixed with 600mL of aqueous ammonia in a beaker and stirred for 6hr. 1500mL of water 
was further added into the beaker after 6hr and left it overnight. Fly ash was settled down 
at the bottom and filtered. Now the amine functionalized ash was dried in an oven at 
105⁰C. Dried amine functionalized ash was saved in a closed cap bottle for further use. 
7.2.3 Batch Adsorption Experiments 
All the adsorption experiments were carried out on a Thermo scientific shaker at 150rpm 
using Erlenmeyer flasks of 125ml capacity at 20⁰C. Based on the preliminary tests to find 
out the adsorbent dose and equilibrium time, the experimental run time was fixed to 8hrs 
with 0.5g adsorbent ash. 100mL of dyes solution of various concentrations (as in the 
following table) have been prepared and contacted them with 0.5g of adsorbent. The 
solutions were shaking at 150rpm for 8hr and then left them overnight to settle down the 
ash particles. Then the solution was filtered to find out the subsequent concentration of 
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dye in aqueous solution. At time t = 0 and after equilibrium the methylene blue, methyl 
orange and Rhodamine 6G concentration was determined using UV-Spectrophotometer. 
The uptake of adsorbent, qe (mg/g), was calculated by the following equation 
    
(     ) 
 
……………..    (7.1) 
Where Co (ppm) and Ce (ppm) are the initial and equilibrium concentration of dyes in 
solution respectively. V (mL) is the volume of dyes solution and W (g) is the weight of 
dried adsorbent. For pH experiments the equi concentration solution of different 
combination of dyes (Methylene blue& Methyl orange, Methylene blue & Rhodamine 
6G, Methyl Orange & Rhdamine 6G) were tested by varying the pH from 2 to 11 and 
recorded the Concentration of dyes after adjusting the pH and after finishing the 
adsorption test. For Kinetic, the experiments were started with equi concentration of 
different combination of dyes and running the adsorption test at four different 
temperatures from 10˚C to 40˚C.the samples were collected at different times to record 
the concentration drop of dyes with time. 
7.3 Characterization of an adsorbent 
7.3.1 BET analysis of Adsorbent 
Figure 7.1 shows the hysteresis in the N2 adsorption test. The Hysteresis is associated 
with capillary condensation in mesoporous structure. The adsorption isotherm is closer to 
Type H3 adsorption isotherm in IUPAC system. This may be associated with slit shaped 
pores of adsorbent. Maximum amount of N2 adsorbed is 0.78mmol/g and the hysteresis 
ends in the middle of relative pressure range of about 0.4. The table 7.2 summarizes the 








Table 7–2: Physical adsorptive Characteristics of Activated carbon 
7.3.2 Scanning Electron Microscopy of Adsorbent 
The figure 7.2 shows the scanned images of fly ash carbons before and after activation 
process. The fly ash carbon comprises of small spherical particles with some foreign 
materials adhere to its surface. Most of the surface is opaque and have very minute pores. 
After achieving it with acid and subsequent amine treatment, all the foreign materials 


































BET Surface area  11.0656 m²/g 
Micropore Area 0.0173 m²/g 
BJH Cumulative adsorption pore 
volume  0.025527 Cm
3
/g 
BJH Cumulative desorption pore 






7.3.3 Fourier Transform Infra-red Spectroscopy 
In order to observe the various functional groups on the surface of raw and activated fly 





 wavenumber and percent transmittance was recorded. Figure7.3 shows the IR 
spectrums of raw and modified ash.  The spectrum of raw ash gives a peak at 3433cm
-1
 
representing the presence of OH stretching vibrations of surface hydroxyl groups and 




 are associated with 
symmetric and asymmetric stretching vibrations of aliphatic C-H groups. In the triple 
bond zone (2400-2100cm
-1




 can be assigned to 
internal alkyne (C≡C) stretches. Two main peaks i.e. 1635cm-1 and 1123cm-1 appears in 
the lower wavenumber region, these may be regarded as the stretching of conjugated 
carbonyl (C=O) and C-O groups respectively. A small peak at 1384cm
-1
 is arising due to 
symmetrical bending vibrations of methyl C-H bond. It is noted that raw fly ash contains 
oxygenated functional groups including hydroxyl and carbonyl along with other 
unsaturated and saturated hydrocarbons. Activation of fly ash carbon not only produces 
Figure 7-2: SEM images of Raw and activated fly ash carbons 
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some new peaks but also increases or decreases the intensity of already existing peaks. 
Comparison of spectrum between 3000cm
-1
 to 3700 cm
-1
 demonstrates the clear change 
in the peak intensity. The resulting peak after chemical activation of raw ash is broadened 
with center at 3431cm
-1
. This is associated with the overlapping bands of hydroxyl and 
amine stretching vibrations, which might be the result of hydrogen bonding between 
them and cannot conclusively divided into individual vibrations. The high intensity 




 can be assigned to -C≡N which could be formed 
during the reaction of raw ash with acid mixture. The stronger peak of nitrile in the 
activated fly ash spectrum as compared to alkyne peak in the raw ash is because of high 
polarity of -C≡N functional group. 
 
 





7.4 Results and Discussion 
7.4.1 Effect of Concentration of Methylene Blue on Methyl Orange Removal 
Binary component experiments were carried out with thirty six samples with same 
adsorbent concentration, Initial pH and solution temperature. The only difference was 
initial concentration of participant dyes. The table 7.3 summarizes the Effect of 
concentration of methylene blue on the removal of Methyl orange. It can be seen that the 
removal of methylene orange decreases as the concentration of methylene blue increases 
due to competition of two dyes for adsorption onto the adsorbent surface. But after the 
initial concentration of methylene blue goes beyond 60ppm the methyl orange uptake 
increases due to electrostatic interactions of two opposite dyes. 
 
Table 7–3: Effect of concentration of Methylene blue(MB) on the removal of methyl orange (MO) ( adsorbent 
dose = 0.5g, volume of solution = 100mL stirring speed = 150rpm) 
Co, MO Co,MB Ceq, MO Ceq,MB Ceq,total qeq,MO qeq,MB qeq,total 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (mg/g) 
1E-15 1E-15 0.0 0.0 0.0 0.0 0.0 0.0 
20 1E-15 5.6 0.0 5.6 2.9 0.0 2.9 
40 1E-15 9.5 0.0 9.5 6.1 0.0 6.1 
60 1E-15 21.8 0.0 21.8 7.6 0.0 7.6 
80 1E-15 31.4 0.0 31.4 9.7 0.0 9.7 
100 1E-15 40.2 0.0 40.2 12.0 0.0 12.0 
1E-15 20 0.0 0.0 0.0 0.0 4.0 4.0 
20 20 4.9 0.4 5.3 3.0 3.9 6.9 
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40 20 13.0 0.3 13.3 5.4 3.9 9.3 
60 20 31.2 0.2 31.4 5.8 4.0 9.7 
80 20 44.4 0.3 44.7 7.1 3.9 11.1 
100 20 53.0 0.6 53.6 9.4 3.9 13.3 
1E-15 40 0.0 0.3 0.3 0.0 7.9 7.9 
20 40 5.6 0.3 5.9 2.9 7.9 10.8 
40 40 11.2 0.3 11.5 5.8 7.9 13.7 
60 40 31.8 0.3 32.1 5.6 7.9 13.6 
80 40 39.2 0.2 39.4 8.2 8.0 16.1 
100 40 59.6 0.4 60.0 8.1 7.9 16.0 
1E-15 60 0.0 0.4 0.4 0.0 11.9 11.9 
20 60 6.5 0.3 6.8 2.7 11.9 14.6 
40 60 16.7 0.3 17.0 4.7 11.9 16.6 
60 60 32.5 0.4 32.9 5.5 11.9 17.4 
80 60 45.2 0.5 45.6 7.0 11.9 18.9 
100 60 59.6 0.4 60.0 8.1 11.9 20.0 
1E-15 80 0.0 0.3 0.3 0.0 15.9 15.9 
20 80 7.5 0.3 7.8 2.5 15.9 18.4 
40 80 18.2 0.3 18.4 4.4 15.9 20.3 
60 80 30.9 0.5 31.4 5.8 15.9 21.7 
80 80 37.8 0.9 38.7 8.4 15.8 24.3 
100 80 52.3 0.5 52.9 9.5 15.9 25.4 
1E-15 100 0.0 0.3 0.3 0.0 19.9 19.9 
20 100 6.9 0.3 7.2 2.6 19.9 22.6 
40 100 17.1 0.4 17.5 4.6 19.9 24.5 
60 100 27.0 0.5 27.5 6.6 19.9 26.5 
80 100 34.5 0.5 35.0 9.1 19.9 29.0 






7.4.2 Effect of Concentration of Rhodamine 6G on Methyl Orange Removal 
 
The following table 7.4 summarizes the results of combination of Rhodamine 6G and 
Methyl Orang. The overall uptake of methyl orange is higher in this case as compared to 
methylene blue and methyl orange combination. The electrostatic interactions between 
cationic and anionic dyes were operative after the initial concentration of Rhodamine 6G 
(cationic dye) goes beyond 60ppm. 
Table 7–4: Effect of concentration of Rhodamine 6G (Rh) on the removal of methyl orange (MO) ( adsorbent 
dose = 0.5g, volume of solution = 100mL stirring speed = 150rpm) 
Co, MO Co,Rh Ceq, MO Ceq,Rh Ceq,total qeq,MO qeq,Rh qeq,total 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (mg/g) 
1E-15 1E-15 0.0 0.0 0.0 0.0 0.0 0.0 
20 1E-15 5.1 0.0 5.1 3.0 0.0 3.0 
40 1E-15 8.7 0.0 8.7 6.3 0.0 6.3 
60 1E-15 19.8 0.0 19.8 8.0 0.0 8.0 
80 1E-15 28.5 0.0 28.5 10.3 0.0 10.3 
100 1E-15 36.4 0.0 36.4 12.7 0.0 12.7 
1E-15 20 0.0 0.4 0.4 0.0 3.9 3.9 
20 20 5.5 0.8 6.3 2.9 3.8 6.7 
40 20 16.7 1.9 18.6 4.7 3.6 8.3 
60 20 30.6 3.3 33.9 5.9 3.3 9.2 
80 20 41.6 4.5 46.2 7.7 3.1 10.8 
100 20 50.0 6.0 55.9 10.0 2.8 12.8 
1E-15 40 0.0 0.5 0.5 0.0 7.9 7.9 
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20 40 7.5 1.0 8.4 2.5 7.8 10.3 
40 40 17.3 2.0 19.4 4.5 7.6 12.1 
60 40 31.1 3.4 34.4 5.8 7.3 13.1 
80 40 43.4 4.7 48.1 7.3 7.1 14.4 
100 40 50.0 6.1 56.0 10.0 6.8 16.8 
1E-15 60 0.0 0.6 0.6 0.0 11.9 11.9 
20 60 5.3 0.9 6.1 2.9 11.8 14.8 
40 60 12.8 1.6 14.3 5.4 11.7 17.1 
60 60 26.8 3.1 29.9 6.6 11.4 18.0 
80 60 40.9 4.4 45.3 7.8 11.1 18.9 
100 60 50.0 5.7 55.7 10.0 10.9 20.9 
1E-15 80 0.0 0.5 0.5 0.0 15.9 15.9 
20 80 1.7 1.8 3.5 3.7 15.6 19.3 
40 80 10.7 1.4 12.0 5.9 15.7 21.6 
60 80 19.3 2.2 21.5 8.1 15.6 23.7 
80 80 36.4 4.0 40.4 8.7 15.2 23.9 
100 80 37.5 4.0 41.4 12.5 15.2 27.7 
1E-15 100 0.0 0.6 0.6 0.0 19.9 19.9 
20 100 2.0 6.5 8.5 3.6 18.7 22.3 
40 100 4.7 0.8 5.6 7.1 19.8 26.9 
60 100 13.1 1.6 14.7 9.4 19.7 29.1 
80 100 28.0 3.1 31.0 10.4 19.4 29.8 






7.4.3 Effect of Concentration of Methylene Blue on Rhodamine 6G Removal 
The table 7.5 shows that the decreases in uptake of Rhodamine 6G as the concentration of 
methylene blue increase. It seems that the adsorbent surface is more attractive for 
methylene blue. 
Table 7–5: Effect of concentration of Methylene Blue (MB) on the removal of Rhodamine 6G (Rh) ( adsorbent 
dose = 0.5g, volume of solution = 100mL stirring speed = 150rpm) 
Co, Rh Co,MB Ceq, Rh Ceq,MB Ceq,total qeq,Rh qeq,MB qeq,total 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (mg/g) 
1E-15 1E-15 0.0 0.0 0.0 0.0 0.0 0.0 
20 1E-15 0.4 0.0 0.4 3.9 0.0 3.9 
40 1E-15 0.5 0.0 0.5 7.9 0.0 7.9 
60 1E-15 0.6 0.0 0.6 11.9 0.0 11.9 
80 1E-15 0.5 0.0 0.5 15.9 0.0 15.9 
100 1E-15 0.6 0.0 0.6 19.9 0.0 19.9 
1E-15 20 0.0 0.4 0.4 0.0 3.9 3.9 
20 20 0.5 0.4 0.8 3.9 3.9 7.8 
40 20 0.5 0.4 0.9 7.9 3.9 11.8 
60 20 0.8 0.3 1.1 11.8 3.9 15.8 
80 20 1.7 0.2 2.0 15.7 4.0 19.6 
100 20 3.2 0.2 3.4 19.4 4.0 23.3 
1E-15 40 0.0 0.4 0.4 0.0 7.9 7.9 
20 40 0.4 0.3 0.7 3.9 7.9 11.9 
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40 40 0.5 0.3 0.8 7.9 7.9 15.8 
60 40 0.9 0.3 1.2 11.8 7.9 19.8 
80 40 2.9 0.3 3.2 15.4 7.9 23.4 
100 40 8.4 0.3 8.7 18.3 7.9 26.3 
1E-15 60 0.0 0.3 0.3 0.0 11.9 11.9 
20 60 0.4 0.3 0.7 3.9 11.9 15.9 
40 60 17.9 1.8 19.8 4.4 11.6 16.0 
60 60 3.9 0.3 4.2 11.2 11.9 23.2 
80 60 6.5 0.3 6.8 14.7 11.9 26.6 
100 60 12.6 0.3 12.9 17.5 11.9 29.4 
1E-15 80 0.0 0.3 0.3 0.0 15.9 15.9 
20 80 0.5 0.3 0.8 3.9 15.9 19.8 
40 80 8.6 0.9 9.4 6.3 15.8 22.1 
60 80 5.3 0.3 5.6 10.9 15.9 26.9 
80 80 17.9 2.2 20.2 12.4 15.6 28.0 
100 80 17.6 1.1 18.7 16.5 15.8 32.3 
1E-15 100 0.0 0.3 0.3 0.0 19.9 19.9 
20 100 1.1 0.3 1.4 3.8 19.9 23.7 
40 100 5.8 1.3 7.1 6.8 19.7 26.6 
60 100 15.1 1.7 16.9 9.0 19.7 28.6 
80 100 17.9 2.8 20.7 12.4 19.4 31.9 





7.4.4 Effect of pH on adsorption of dyes with binary solution 
As can be seen from the figure 7.4 for all examined pH range the methylene blue was 
completely removed in the combination of methylene blue and methyl orange. As 
compared to methylene blue the methyl orange was only removed 90%. As can be seen in 
the graph the concentrations of both dyes were reduced during pH adjustment. This could 
be due to some structural changes and possible reaction between two dyes.  
 
Figure 7-4: Effect of pH on the Binary (MB-MO) dye solution 
 
Figure 7.5 shows the effect of pH on the adsorption of Methylene blue and Rhodamine 
6G combination. The initial concentration of both dyes seems to be ineffective with 
tested pH range but after the solution is contacted with adsorbent there is a clear 
difference between the final concentrations of each dye. Methylene blue was 100% 
removed for all pH range but the Rhodamine concentration is slightly deviated from its 











































For Methyl orange and Rhodamine combinations (Figure 7.6), the Rhodamine is more 
likely to adsorb on the surface as compared to methyl orange. This may be due to surface 
characteristics of solid adsorbent of due to molecular size of dyes. The initial 
concentration of methyl orange passes through the maximum during pH adjustment of 
binary solution. This shows the structure changes of Methyl orange at lower pH and 
solubility effects at higher pH. 
 
 
































Figure 7-6: Effect of pH on the Binary (MO-Rh) dye solution 
 
7.4.5 Effect of Temperature on the adsorption of Dyes 
 
As a single dye solution all three dyes show the endothermic nature of adsorption. This is 
because of greater movement of solute molecules and there would be a greater 
probability of interaction of and collisions of solute molecules to adsorbent surface. And 
as a result the adsorption uptake increases with rise in temperature. But for the case of 
adsorption in binary solution the two combinations like Methylene blue with methyl 
orange and Rhodamine 6G with methylene blue revert the thermodynamics and shows 




































Figure 7-7: Kinetic data at different temperatures for MB and MO combination. 
 
For the combination of Methyl orange and Rhodamine (figure 7.9) the system follows the 
endothermic behavior of adsorption of both dyes. But the concentration reduction of 
Rhodamine 6G is higher than its concentration reduction as single component it means 
there is possible reaction between methyl orange and Rhodamine 6G. The Methyl orange 
concentration at 40C isotherm is lower as compared to its concentration as single dye 
adsorption. This strength the point that the reaction between Rhodamine and methyl 




































Figure 7-8: Kinetic data for MB and Rh combination at different temperatures 
 
 






































































It can be concluded that the fly ash adsorbent can be a cheap source for the removal of 
dyes from waste water. The overall adsorption capacity of Cationic dyes (Methylene Blue 
and Rhodamine 6G) is higher (~19.9mg/g) than anionic dyes (~ 12mg/g). Adsorption an 
experiment with binary solution comprises of cationic and anionic combinations of dyes 
shows synergistic effect. Solution comprises of only cationic dyes (Methylene Blue and 
Rhodamine 6G) exhibits a constant uptake for all concentration tested. Kinetic data 
shows the endothermic adsorption of all three dyes as single component adsorption. 
During binary component adsorption some combination (like methylene blue / methyl 
orange and methylene blue / Rhodamine 6G) exhibits exothermic adsorption while the 
solution comprises of Rhodamine 6G and Methyl orange presents endothermic 
adsorption. 
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